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REMARKS 

Entry of the foregoing and reconsideration of the application identified in caption, as 
amended, pursuant to and consistent with 37 C.F.R, §1.111 and in light of the remarks which 
follow, are respectfully requested. 

By the above amendments, claim 1 has been amended for clarification purposes to recite 
that the weight percent of the water-miscible solvent is with respect to the overall solid content. 
This is apparent in view of the disclosure at page 3, lines 28-34 of the specification. In addition, 
claim 1 has been amended for clarification purposes to recite that the neutralizer is capable of 
reacting with a carboxylic acid group. Support for such amendment can be foimd in the 
specification at least at page 6, lines 9-21 . Claim 12 has been amended for readability and 
grammatical purposes. 

In the Official Action, claims 1-3, 7-12 and 16-20 stand rejected under 35 U.S.C. §112, 
second paragraph, for the reasons set forth at page 2 of the Official Action. This rejection is 
moot in light of the above amendments of claim 1, in which such claim has been amended to 
recite that the weight percent of the water-miscible solvent is with respect to the overall solid 
content. Accordingly, withdrawal of the above rejection is respectfully requested. 

Claims 1-3, 7-12 and 16-22 stand rejected under 35 U.S.C. §112, first paragraph, for the 
reasons set forth at pages 2-3 (section 3) of the Official Action. In this regard, it is noted that the 
Examiner's comments appear to be only directed to claim 19 which recites the tensile modulus 
of the polyurethane. With regard to the recited tensile modulus characteristic. Applicants note 
that due to the existence of physical crosslinking and/or molecular entanglement in such 
exemplary polyurethane, the tensile modulus of such polyurethane is capable of being measured 
at a temperature above the melting point thereof. In addition. Applicants note that the tensile 
modulus of various polyurethanes can be measured at temperatures exceeding the melting points 
thereof. See, e.g., Y. Zhu et al, Chinese Journal of Polymer Science, Vol. 24, No. 2 (2006), pp. 
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173-186 (copy attached), and in particular Figure 5 at page 178. Accordingly, for at least the 
above reasons, withdrawal of the above rejection is respectfully requested. 

Claims 1-3, 7-12 and 16-22 stand rejected under 35 U.S. C. §112, first paragraph, for the 
reasons set forth at pages 3-4 (section 4) of the Official Action. Withdrawal of the above 
rejection is respectfully requested for at least the following reasons. 

Applicants respectfully submit that a polyurethane having a glass transition point as low 
as, for example, -30*^C can be obtained with the use of the raw materials disclosed in the instant 
specification. Moreover, contrary to the Examiner's assertion, conventional shape-memory 
polymers formed from polyurethanes having a glass transition temperature as low as -30°C have 
been obtained. See, e.g., A. Lendlein et al, Angewandte Chemie International Edition, Vol. 41 
(2002), pp. 2034-2057 (copy attached), and in particular Table 2 at page 2044. Accordingly, in 
view of the above, withdrawal of this rejection is respectfully requested. 

Claims 1-3, 7-12 and 16-22 stand rejected under 35 U.S.C. §112, first paragraph, for the 
reasons set forth at pages 4-5 (section 5) of the Official Action. While Applicants disagree with 
the Examiner's assertions for the reasons already made of record, in an effort to expedite 
prosecution, claim 1 has been amended to recite that the neutralizer is capable of reacting with a 
carboxylic acid group, in accordance with the Examiner's suggestion. 

The Examiner has asserted that Applicants' disclosure does not sufficiently enable one 
skilled in the art how to produce a polyurethane having the properties set forth in claims 19-22. 
In this regard, it is noted that the standard for complying with the provisions of the first 
paragraph of 35 U.S.C. §1 12 is well established. For example, it is not necessary to "enable one 
of ordinary skill in the art to make and use a perfected, commercially viable embodiment. ..." 
CFMT, Inc. V. Yieldup Infl Corp., 349 F.3d 1333, 1338 (Fed. Cir. 2003). "Detailed procedures 
for making and using the invention may not be necessary if the description of the invention itself 
is sufficient to permit those skilled in the art to make and use the invention." M.P.E.P. §2164. 
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Moreover, "the scope of enablement must only bear a 'reasonable correlation' to the scope of the 
claims." M.P.E.P. §2164.08. 

Applicants respectfully submit that, upon review of the applicable standard of 
enablement under 35 U.S.C. §112, it is apparent that the level of detail and description suggested 
in the Official Action, e.g., the specific ratios of reactants and the selection of specific reactants, 
is simply not required in the present case. Accordingly, for at least the above reasons, 
withdrawal of the rejection is respectfully requested. 

Claims 1-3, 7-12 and 16-22 stand rejected under 35 U.S.C. §102(b) as being anticipated 
by U.S. Patent No. 6,239,213 {Ramanathan et al). Claims 21 and 22 stand rejected under 35 
U.S.C. § 102(b) as being obvious over U.S. Patent No. 5,270,433 {Klauck et al). Withdrawal of 
the above rejections is respectfully requested for at least the following reasons. 

It is well established that "[a] claim is anticipated only if each and every element as set 
forth in the claim is found, either expressly or inherently described, in a single prior art 
reference." Verdegaal Bros, v. Union Oil Co. of California, 2 USPQ2d 1051, 1053 (Fed. Cir. 
. 1987). For an anticipation to exist, "[t]he identical invention must be shown in as complete 
detail as is contained in the . . . claim." Richardson v. Suzuki Motor Co,, 9 USPQ2d 1913, 1920 
(Fed. Cir. 1989). 

In the present case, the Patent Office has relied on Ramanathan et aVs disclosure of 
reacting branched polyester polyol, an ionic group bearing organic compound and an organic 
diisocyanate, and has asserted that such components may be reacted sequentially to form block 
copolymers (Official Action at page 6). However, independent claim 1 recites heating a first 
mixture formed from mixing a difunctional alcohol with a difunctional isocyanate, and thereafter 
adding a chain extender to the heated first mixture. Ramanathan et al simply has no disclosure 
of the addition of a chain extender after heating of the first mixture as presently claimed. In this 
regard, it is noted that the claimed process recites the use of both a difunctional alcohol in step a) 
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and a chain extender in step c), i.e., the recited chain extender is distinct from the recited 
difunctional alcohol. Moreover, it is believed that the above differences in the claimed and 
disclosed processes lead to different products. 

Klauck et al requires the use of a,a,a',a'-tetramethyl xylene diisocyanate. This 
component, which has been characterized by the Patent Office as an aliphatic diisocyanate, is 
now excluded from the present claims. Furthermore, the Patent Office has not established with 
the requisite certainty , that the polyurethane of Klauck et al inherently possesses the claimed 
tensile modulus characteristic. 

In this regard, the Patent Office's burden of proof for properly alleging an inherent 
disclosure is well established. "To establish inherency, the extrinsic evidence 'must make clear 
that the missing descriptive matter is necessarily present in the thing described in the reference, 
and that it would be so recognized by persons of ordinary skill. Inherency, however, may not be 
established by probabilities or possibilities. The mere fact that a certain thing may result fi-om a 
given set of circumstances is not sufficient.'" In re Robertson, 49 USPQ2d 1949, 1950-51 (Fed. 
Cir. 1999) (emphasis added). "In relying upon the theory of inherency, the examiner must 
provide a basis in fact and/or technical reasoning to reasonably support the determination that 
the allegedly inherent feature necessarily flows from the teachings of the applied prior art." Ex 
Parte Levy, 17 USPQ2d 1461, 1464 (Bd. Pat. App. & Inter. 1990) (emphasis in original). In the 
present case, and as discussed above, the difiinctional isocyanate used to form the claimed 
polyurethane differs fi-om the material employed in Klauck et al (Official Action at page 4). The 
Patent Office has not provided a sufficient explanation or scientific reasoning as to why it is 
certain, given such different reactants, that the resulting polyurethane of Klauck et al is identical 
to the claimed polyurethane. It is apparent that the Patent Office has failed to meet its burden of 
proof for establishing inherency of this claimed feature. 
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For at least the above reasons, Ramanathan et al and Klauck et al fail to constitute an 
anticipation of the claims. Accordingly, withdrawal of the above rejections is respectfully 
requested. 

From the foregoing, further and favorable action in the form of a Notice of Allowance is 
believed to be next in order, and such action is earnestly solicited. If there are any questions 
concerning this paper or the application in general, the Examiner is invited to telephone the 
undersigned. 

Respectfully submitted, 
Buchanan Ingersoll & Rooney pc 
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Upon ei|Nisiire to an extemal slliii- 
nliia, shape^memory polymm can 
change their shape (see scheme). 
This ability opens up numerous 
fields of application, such as intelli- 
gent, bulky implants, which can be 
inserted in a compressed, temporary 
shape into the body through a small 
incision, or auto bodies, which could 
be brought back to their original 
shape after a collision by a simple 
heat treatment. The current state 
and the potential of this technology 
is summarized in the article. 
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REVIEWS 



Shape-Memory Polymers 
Andreas Lendlein'^ and Steffen Kelch 



Material sdentisu predict a prominent 
role in the future for self-repairing and 
intelligent materials. Throughout the 
last few years, this concept has found 
growing interest as a result of the rise 
of a new class of polymers. These so- 
called shape-memory polymers by £ax 
surpass well-known metallic shape* 
memory alloys in their shape*meaiory 
properties. As a consequence of the 
relatively easy manufacture and pro- 
gramming of shape-memory polymers. 



these materials represent a cheap and 
efficient alternative to weU-established 
shape-memory alloys. In shape-memo- 
ry polymery the consequences of an 
intended or accidental deformation 
caused by an external force can be 
ironed out by heating the material 
above a defined transition tempera- 
tuire^ Hiis effect can be achieved be- 
cause of the given flexibility of the 
polymer chains. When the importance 
of polymeric materials in our daily life 



is taken into consideration, we find a 
very broad» additional spectrum of 
possible applications for intelligent 
polymers that covers an area from 
minimally invasive surgery* through 
high-performance textiles, up to self- 
repairing plastic components in every 
land of transportation vehicles. 

Keywords: block copolymers • mate- 
rial science • polymers " shape-mem- 
ory polymers 



L Introduction 

Shape*memoiy materials are stimub'-responnve materials. 
They have the capability of changing their shape upon 
application of an external stimulus. A change in shape caused 
by a change in temperature is called a thermally induced 
shape-memory effect. The main focus of this review article is 
on thermorespon^ve shape-memory polymers The shapes 
memory effect is not related to a specific material property of 
single polymers; it rather results from a combination of the 
polymer structure and the polymer morphology together with 
the applied processing and programming technology. Shape- 
memory behavior can be observed for several polymen that 
may differ significantly in their chemical composition. How- 
ever, only a few shape-memory polymers are described in the 
literature. The process of programming and recovery of a 
shape is shown schematically in Figure 1. FirsU the polymer is 
conventionally processed to receive its permanent shape. 
Afterwards, the polymer is deformed and the intended 
temporary shape is fixed. This process is called programming. 
The programming process either consists of heating up the 
sample, deforming, and cooling the sample, or drawing the 
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pemianBnt temporary pamtanont 
shfipa fthape ehapo 

piogrammlng naoovery 
Figure t. Schematic repreisefltation of the thermally induced ooe-way 
shape-memory effect The permanent shape is transfored to the temporary 
shape by the programmioa process, Heatiog iho sample to a temperature 
above the iwitcbiog transition Tit^ results in the recovery of the permaoent 
shape: 

sample at a low temperature (so called "cold drawing"). Tlie 
permanent shape is now stored while the sample shows the 
temporary shape. Heating up the shape-memory polymer 
above a transition temperature induces the shape- 
memory ettect As a consequence, the recovery of the stored, 
permanent shape can be observed. Cooling down the polymer 
below the transition temperature leads to solidification of the 
material, however, no recovery of the temporary shape can be 
observed. The effect described is named as a one-way shape- 
memory effect By further programming, including mechan- 
ical deformation, the work piece can be brou^t into a 
temporary shape agaiA. This new temporary shape does not 
necesEiarily match the first temporary shape. 

In Figure 2 a picture sequence demonstrates impressively 
the performance of shape-memory polymers. The permanent 
shape of the polymers formed from 1 and 2 is that of a rod. 
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which has been defonneci to a. spiral (temporary shape) during 
the programming process. Under the influence of hot air 
having a temperature of 7Q*C the permanent shape is 
recovered as soon as the switching temperature is 
reached. The permanent shape is recovered with a precision 
of more than 99% with appropriately optimized program- 
ming conditions. This precision makes these materials suitable 
for highly demanding applicatibn&^*^ 

Since the 19^ polyethylene that is covalendy cross-Hnked 
by means of ionizing radiation has found broad application as 
heat-shrinking film or tubing, especially for the insulation of 
electric wires or as protection against corrosion of pipe 
lines.'^'^l These materials are marketed tmder the catchphrase 
''beat-shrinkable materials'*. Hie mechanism of the heat- 
shrinking process is in analogy with the thermally induced 
shape-memory effect. Here» the permanent shape is ^so fixed 
by covalent cross-links and the switching process is controlled 
by the melting temperature of the polyethylene crystallites. 

More and more reports about linear, phase-segregated 
multiblock copolymers, mostly polyurethanes, can be found in 



the literature under the name of the generic term "shape- 
memory polymers** (sec Section Z4.1). These elastic materials 
show at least two separated phases. The phase showing the 
highest thermal transition acts as the physical cross-link 
and is responsible for the permanent shape. Above this 
temperature the polymer melts and can be processed by 
conventional processing tediniques such as extrusion or 
idjection molding. A second phase serves as a moleciilar 
switeb and enables the fixation of the temporary shape. The 
transition temperature for the fixation of the switching 
segments can either be a glass transition (Tg) or a melting 
temperature {TJ. After forming the material above the 
switching temperature, but below the temporary shape 
can be fixed by cooling the polymer below the swhching 
temperature. Heating up the material above again 
cleaves the physical cross*links in the switching phase. As a 
result of its entropy elasticity (see Section 2.1.3) the material 
is forced back to its permanent shape. Polyurethanes with 
shape-memoiy properties have found applicadon as, for 
example, components in auto chokesL In this application it is 
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LL Bietal Alloyg 

The one-way shape^nemory effect as described at the 
beginnmg was observed for the first time by Chang and Read 
in 1$51 for a gold-cadmium alloy.P"^ In 1963 Buehler et aL 
described the shape-memory effect of nitinol. an equiatomip 
mdcel-titanium alloyJ"! Here, the shape-memory effect is 
based on a martensitic phase transition taking place without 
diffusion (Figure 3). To generate the martensitic phase the 

austertftic phasd 




martensitic pha$ft beftvmed 

martensitic phasfi 

Piguro 3. Schematic reprctcntation of the mechantsm of the shape- 
oiemoiy effect for metallic alloyi based on a martensitic phase trasis- 
fonnatioa 



Figure 1 TVansJlion fmm the temporary shape (spiral) to the permanent 
ihape (rod) for a shape-meraoiy networl( Chat has been synthesized from 
poly{e-caprolactone) dimothacrylate (1) and butylacrylate (2; co-monomcr 
comeot: 5pwt%; see Section 2.6^), The switching temperature of this 
pdymcr is 46*C The rcoovcry pmceSs takes 35 s aner healing to 7D*C 

A 2 ^ 



not the shape-memory effect that is used^ but the property of 
the polymer to soften upon being heated up above the 
switching temperature.'*'^*^ 

A substantially new development in connection with the 
design of shape-memory polymers are polymer systems. 
These are families of polymers in which macroscopic proper- 
ties (for example^ mechanical properties or T^^) can be 
controlled by a specific variation of molecular parameters. 
This makes it possible to tailor the specific combination of the 
properties of the shape-memory polymers that are required 
for specific applications just by a slight variation of the 
chemical composition. Hie shape-memory material presented 
in Figure 2 belongs to a family of multiphase polymer 
networks that are biocompatible and biodegradable. Such 
materials are highly interesting for applications in the field of 
minimally invasive siirgery (see Section 2.6). 

There are other classes of materials such as metallic alloys, 
ceramics, and gels that show thermoresponsive shape-mem- 
ory properties. A short overview about these other shape- 
memory materials is given before shape-memory polymers 
are discussed m detail. 



material is cooled from a high temperature or parent phase 
showing a cubic symmetry (austenitic phase) down to a low 
temperature phase with lower synmietry (martensitic phase). 
The formation of the martensitic phase can be controlled by a 
temperature program which includes heating to temperatures 
up to 4^.'^C The temporary shape of the material can now be 
produced by deformation of the material in the martensitic 
phase. T^e austenitic phase is reached upon heating the 
sample above the phase transition temperature and a recovery 
of the original external shape for deformations of up to 8% 
can be observed. 

Since nitinol is an equiatomic Ni-H alloy, possible fluctua- 
tions in stoichiometry have a strong influence on the resulting 
properties of the material. A deviation in the nickel content of 
latom% can shift the switching temperature up to 100 K. 
Besides the one-way shape-memory effect, nitinol exhibits so 
called superelasticity. Superelasticity is based on the phenom- 
enon that the martensitic phase is not stable above a certain 
temperature in the absence of an external force. Above this 
temperature an external deformation will spontaneously be 
recovered."'***' ^"1 

The Ni-Tl and Cu-2n-Al alloys all found technical appli- 
cation. Nitinol is widely used for the manufacture of surgical 
devices and implants because of its biocompatibility.l'^^'"] 
Cu-Zn*>Al alloys are often used for nonmedical applications as 
a result of their advantageous thermal and electrical con- 
ductivity and their better ductility. Cu-Al-Ni as well as tron- 
based alloys such as Fe-Mn-Si, Fe-Cr-Ni-Si-Co, Fe-Ni-Mn. or 
Fe-Ni-C alloys have also been investigated in regard to their 
shape-memory properties. Fe-Mn-Si alloys* in particular, find 
applications as materials for screwed joints that can be heated 
after being screwed together to obtain further compres- 
sion.P^-^ 

Metallic alloys with shape-memory properties can show a 
two-way shape-memory effect after a certain ^'thermal train- 
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ing*\ In this case the material does not only **Temeniber*' the 
external shape in the parent phase but also, the external shajpe 
in the maitensitic phase. By this, it is possible to produce a 
defined structure at a defined temperature that has been 
programmed before-P^- ^ *l 



12. Cenunics 

With certain ZrOj ceramics, the transition from a tetragonal 
to a manodinic. structure occurs as a marteositie phase 
transition which is induced thermally or by the application of 
stress. These materials are called martensitic ceramics. Hie 
transformation back from the monodinlc to the tetragonal 
symmetry can occur thermoelastiodly, which is why maiten- 
sitic ceramics show a thermoresponsive shape-memory ef- 
fectl=t»-»-«l 



L3. Gels 

A remarkable property of polymer gels is their ability to 
react to changes in the external conditions by considerable 
volume changes, swelling or shrinkage. The external stimulus 
is not only limited to temperature changes. Volume changes 
can also be triggered by a variation in the pH value, the ionic 
strength, or the quality of the solvent. In addition to this, it is 
possible to stimulate certain gels by the application of electric 
fields or light. The crucial point with gels is their poor 
mechanical stability ^^^^ 

Hydrogels with hydrophobic, crystallizable side chains, and 
cross-linked poLy(vinyl alcohols) show a thermoresponsive 
one-way shape-memory effectJ^^^'^^-^^ Hydrogels formed 
from copolymerized acrylic add 3 and steaiyl acrylate (4) 
cross-linked with methylenebisacrylamide (S) show a strong 
temperature dependence in their mechanical properties. 

o o 

3 4 6 

Below 2S^C these polymers behave like tough polymers, 
while above 50*'C Softening enables the materials to be 
extended up to 50%. The softening results in a decrease of the 
elastic modulus by three orders of magnitude. The mechanical 
stability below SO "C arises from the crystalline packing of the 
stearyl side chains. Above this temperature, the aliphatic side 
chains are amorphous and contribute to the flexibility of the 
hydrogels. The stretched shape can be maintained by applying 
the deformation force during the coolinjg process. When the 
material is heated up again above the transition temperature 
the one-way shape-memory effect takes place and the 
external shape in which the material was produced initially 
is recovered. The permanent shape is predetermined by the 
eovaleot polymer network.!'*- 

Linear po]y( vinyl alcohol) molecules form hydrogels as a 
result of the formation of physical cross-links through hydro- 



gen bonds and nucrocrystallites. Above a temperature of 
iSO/^C the physi^l cross^llnks melt and results in an increasing 
loss of stability. Above a temperature of 80 '^C the physically 
cross-linked hydrogels become soluble in water. Qiemically 
cross-linked hydrogels whose permanent shape is stable above 
80 can be obtained by cross-linking the 
poly(vinyl alcohol) 6 with glutaraldehyde. lY** 6 
After melting the physical cross-links in boil- ^ 
ing water, these chemically cross-linked hy^ 
drogels can be streched by 200 % . By immersion of the system 
in methanol, a poor solvent, the elongation, and thus the 
temporary shape, can be fixed by deswelling and formation of 
physical cross-links. The permanent shape can be recovered 
by exposing the gel to boiling water.^ 

An example of materials with a thermally induced two-way 
shape-memory effect are modulated gels. Such gels consist of 
layers and can perform even more complex shape changes. 
They contain two types of layers: a thermosensitive control 
layer (control element) and a substrate layer (substrate 
element) which is not sensitive to changes in temperature. 
The control layer consists of an ionic gel made from the 
copolymer 10 prepared from iV-isopropylacrylamide (NIPA, 
7) and sodium acrylate (8) cross-linked with methylenebisa- 
crylamide (5). A tenfold change in volume can be reached as a 
consequenoe of a thermally induced abrupt change in the gels 
microstructure. The gel is swollen below the lower critical 



solution temperature (LCST) of 37 X. Exceeding this tem- 
perature causes shrinkage of the gel and the resulting 
decrease in the thermodynamic quality of the solvent 
produces a polymer-rich phase. The substrate layer can 
consist of a gel formed from polyacrylamide (PAAM) cross- 
linked with 5. At temperatures above 37 °C, the control layer 
shrinks drastically while the substrate layer does not undergo 
aby noticeable changes in volimie. To connect the two 
different layers, one side of the control layer, which consists 
of cross-linked copolymer 10, is exposed to an aqueous 
solution of acryUmide (11). In this way, the acrylamide 
solution diffuses into the control layer for a certain time 
period. The acrylamide is Uien polymerized by the addition of 
a radical initiator and S to form an interpenetrating network. 
The bigel strip bends imiformly upon beating to form an 
arch. A further rolling-up of the gel structure can be realized 
by an additional increase in temperature or by producing 
a longer sample. The change in shape is reversible and 
the system can switch between two defined shapes depending 
on whether it is below or above the transition temperature. 
By producing a modulated gel consisting of several alter- 
nating layers it is possible to obtain spirally, cylindrically, 
wavy structures, or any kind of bent, ribbonlike struc- 
tiire.l'^'*'l 
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2. Thermally Induced Shape-Mmoiy Effect in 
Polynen 

Before the molecular mechanism of the thermally induced 
shape-memory effect is explained in detail, the basic princi- 
ples of entropy elasticity are discussed. Metbpds for the 
quantification of shape-memory properties are presented and 
the corresponding physical quantities are introduced based on 
a description of the macroscopic shape-memory effect. A 
structured overview of thermoplasts and polymer networks 
that show shape-memory properties will be concluded by a 
sunmiary of current research work in the field of shape- 
memory polymers. Polymers developed for biomedical appli- 
cations in particular will be focused upon. 



Zh Theimodynamic A^ecb Significant for the Shape- 
Memoiy Effect of PUymers 

Z/.i. Chain Couformotian cf Linear, Amorphous Polymm 

In the amorphous state, polymer chains take up a com- 
pletely random distribution in the matrix, without the 
restriction that is given by the order of crystallites in 
semicrystalUne polymers. AIL possible conformations of a 
polymer chain have the same inner energy. If W expresses the 
probability of a conformation, a strongly coiled conformation, 
which is the state of maximum entropy, represents the most 
probable Slate for an amorphous linear polymer chain 
according to the Boltzmann equation [£q. (1), .^a: entropy, 
k = Boltzmann constant] .1^1 



kXtiW 



0) 



2.L2, Jhutsitionjrom the Glas^ State to the Bttbba^Elastic 
State 

In the glassy state all movements of the polymer scfgments 
are frozen. The transition to the rubber-elastic state occurs 
upon increasing the thermal activation, which means that the 
rotation around the segment bonds becomes increasingly 
unimpeded. Hiis situation enables the chains to take up one of 
the possible, energetically equivalent conformations wi&out 
disentangling significantly. Ihe majority of the macromole- 
cules will form compact random coils because this conforma- 
tion is entropicaily favored and, as a result, much more 
probable than a stretched conformation (see Section 2.1,1). 

In this elastic state a polymer with sufficient molecular 
weight (Ma > 20 000) stretches in the direction of an applied 
external force. If the tensile stress is only applied for a short 
time interval, the entanglement of the polymer chains with 
their direct neighbors will prevent a large movement of the 
chain. Consequently, the sample recovers its original length 
when the external stress is released. In this way* the sample 
shows a kind of memory for the nonstretched state. Tliis 
recovery is sometimes called *'memory effect'*, and is based 
on the sample's tendency to return to its original, most 
randomly coiled state that represents the most probable state. 
However, if the external tensile stress is applied for a longer 



time period, a relaxation process will take place Which results 
in a plastic, irreversible deformation of the saisiple because of 
slipping and disentangling of the polymer chains from each 
other. The tendency of the polymer chains to disentangle and 
to slip off each other into new positions enables the segments 
to undergo a relaxation process and to form cntropiqally more 
favorable random coils. 

In a similar way, an increasing rise in temperature above the 
glass transition temperature favors a higher segment mobility 
and a decrease in the mechanical stress in the elastic material 
being stretched by an external force.'^'^ 

2,2,3. Entropy Eiastieity 

The described slipping or flow of the polymer chains under 
stress can be stopped almost completely by cross-linking the 
chains. The cross-linkage points act as anchors or ''permanent 
entanglements*' and prevent the chains from slipping from 
each other. The cross-links can either be chemical and/or 
physical. Those materials are called elastomers. 

Chemically cross-linked polymers form insoluble materials 
which swell in good solvents. Their shape is fixed during the 
cross-linking and can not be changed afterwards. 

Thermoplastic elastomers contain physical netpoints. A 
requisite for the formation of the netpoints is the existence of 
a certain morphology of a phase-separated material, as found 
for block copolymers containing thermodynamically immis- 
cible components. The highest thermal transition is 
related to the hard-scgment-forming phase. If thir thermal 
transition is not exceeded, these domains will stabilize the 
permanent shape by acting as physical netpoints in the 
material. Thermoplastic elastomers are very soluble in 
suitable solvents and can be processed from the melt. 

Besides the netpoints, networks contain flexible compo^ 
nents in the form of amorphous chain segments. If the glass 
trdnsition temperature of these segments is below the working 
temperature, the networks will be elastic. They show entropy 
elasticity and can be stretched with a loss of entropy. The 
distance between netpoints increase during stretching and 
they become oriented. As soon as the external force is 
released, the materia] returns to its original shape and gftiwg 
back the entropy lost before. As a result, the polymer network 
is to tnaintain the mechanical stress in equilibrium. 

Elastomers exhibit some extraordinary properties: they 
warm up when they are stretched; the elastic modulus 
increases upon heating; the coefficient of thermal expansion 
for a stretched elastomer is negative above the glass transition 
temperature; below the value the sample behaves like a 
glass and contracts if it is further cooled down (Figure 4). 
While the coefficient of ther- 
mal expansion is negative for 
a stretched sample, it is pos- 
itive for an unloaded san^le. 

.Ihe inner energy of an 
ideal ^tomer will not 
change, if it is stretched. For 
this reason, the Helmholtz 
equation for the free ener- 
gy £/ is reduced according to 



t 



Hgurc 4. Plat of the sirey a in an 
elaatomcx whiph is stretched and 
thcD kept under conittot strain 
over a temperature range above 
and below the value. 
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Equation (2). From the stress-strain behavior of a polymer 
network with a low degree of cross-linkiog dnd netpoints that 



a) 



(2) 



are sufficiently far away from each other, the change in ftee 
energy for the stretching of a standard volume is given by 
Equation (3). N is the number of chain segments between the 
netpoinls and A„ Xy, and A, represent the elongation ratios in 
three dimensions (A = Ul^, where /represents the length of the 
segments between |he netpoiots in the stretched state, and ^ 
represents the Length of the segments in the unloaded 
statcl*-*^ 



(3) 



IX Molecnlar Mechanism of the Shape-M emoiy Effect 
of Polyiners 

An elastomer will exhibit a shape-memory functionality if 
the material can be stabilized in the deformed sUte in a 
temperature range that is relevant for the particular applica- 
tion. This can be reached by using the network chains as a 
kind of molecular switch. For this purpose the flexibility of the 
segments should be a function of the temperature. One 
possibility for a switch function is a thermal transition {T^:^ 
of the network chains in the temperature range of interest for 
the particular application. At temperatures above the 
chain segments, are flexible, whereas the flexibility of the 
chains below this thermal transition is at least partly linuted. 
In the case of a transition from the rubber-elastic or viscous 
state to the glassy state, the flexibility of the entire segment is 
limited. If the thermal transition chosen for the fixation of the 
temporary shape is a melting point, strain-induced crystal- 
lization of the switching segment can be initiated by cooling 
the material which has been stretched above the r,r^ value. 
The crystallization achieved is always incomplete, which 
means that a certain amount of the chains remains amor- 
phous. The crystallites formed prevent the segments from 
immediately reforming the coil-like structure and £rom 
spontaneously recovering the permanent shape that is defined 
by the netpoints. The permanent shape of shape-memory 
networks is stabilized by covalem netpoints, whereas the 
permanent shape of shape-memory thermoplasts is fixed by 
the phase with the highest thermal transition at T^^. 

The molecular mechanism of programming the temporary 
form and recovering the permanent shape is demonstrated 
schematically in RgureS for a linear multiblock copolymer, 
as an example of a thermoplastic shape-memory polymer, as 
well as for two covalently cross-linked polymer networks. 

Tlie "memory effect" mentioned in Section 2A2 is not a 
shape-memory effect. Hiis expression describes the property 
of an elastomer one would not expect for an amorphous 
polymer chain. The ''memory effect** represents a problem m 
the processing of non-vulcanized natural rubber. In the case of 
a quick deformation of the amorphous material by a sudden 
subsequent decrease or removal (or reduction) of the external 
force, the polymer re-forms its original shape. Such polymers 





c) 




Figure 5. Schenutic represenUtioii of the molecular mechanism of the 
thermally inducedshape-memoiy effect for a) a raultibtock copolymer witb 
'^^»m- T^. b) a Qovalently cross-linked polymer with Ty^^T„, and c) a 
polymer network with Ty^^^T^ If the increase in temperature i« higher 
than Ttr^„ of the ij«ritching segmenti, these segments are flexible (shown in 
red) and the polymer can be deformed elastitaJty. The lemporaiy shape is 
fixed by cooling down below Tta^ (shown in blue); If the polymer is heated 
up »gftin, the permanent shape is rcooveied. 



will also exhibit a shape-memory effect if a suitable program- 
ming technique is applied. In this case« temporary entaoglo- 
liients of the polymer chains which act as physical netpoints 
can be used for the fixation of the permanent shape. This 
thermal transition can be used as a switching transition if the 
glass transition of the amorphous material is in the temper- 
ature range that is relevant for a specific application. In 
Section 24.2 this shape-memory mechanism is explained for a 
high molecular weight, amorphous polynoibomene. 



23. Macroscopk Shape-Memoiy Eff^t and 
thennoiiiediaidcal ChaiadeiizatloD 

U.L Cyclic, ThamomecfuuUcal ChmteteHzaiiou 

The shape-memory effect can be quantified by cyclic, 
thenhomechanical investigational The measurements are 
performed by means of a tensile tester equipped with a 
thermochamber. In this experiment, different test protocols 



2040 



AneetA Oufit Fml Bd. 2003. 4), 2Q34-2057 



ShaperMemory Polymers 



REVIEWS 



are applied that differ, for example, id the programming 
procedure (cold drawing at T< Tfnn^ or temporarily heating 
up of the lest piece to T> T^^u^ or in the control options 
(stress or strain controlled). A single cycle includes program- 
ming the test piece and recovering its permanent shape. A 
typical test protocol is as follows: first» the test piece is heated 
up to a temperature T^i^ above the switching temperature 
Tinat and is stretched to the maximum strain £„. In the case of 
thermoplasts it is important not to exceed the highest thermal 
transition Tpenn which would cause the polymer sample to 
melt Hie sample is cooled down below the transition 
temperature Ttt^ under a constant strain e„ to a temperature 
Tiow, thus fixing the temporary shape; Retracting the clamps of 
the tenule tester to the original distance of 0% strain caused 
the sample to bend. After heating the sample up to TM^h > 
7*„.w. it contracts and the permanent shape is recovered. The 
cyde then begins again. 

The result of such a measurement is usually presented in a 
e - 17 curve (Figiu'e 6 a ; 9 = tensile stress) . Hus is the reason for 
this test protocol being called a "two-dimensional measure- 
ment''. Figure 6 represents schematic curves. Different effects 
can result in changes to the curve, particularly when the 
stretched sample is cooled down (position in Figure 6 a). 
Among others; the following effects play a role in these 
changes: differences in the expansion coefficient of tht 
stretched sample at temperatures above and below TttoM ^ ^ 
result of entropy elasticity (see Section 2.1.3, Figure 4), as well 
as volume changes arising from crystallization in the case of 
7*insB being a melting point. 




Figure 6. Schematic representation of the results of the cyclic thermome- 
chanicaJ invesUgalionA (or two diffeient tests: a) ewr diagram: — 
stretching: to at Tj^; ©— cooling to while is kept constant; 
(3)— clamp distance is driven hack to original distance; g>--at e = 0% 
beating up to T^^; ©—start of the second cycle: b) e-T-a di^gnim: 
stretching to p. at T^; (D— coding doiwn to with cooling rate = 
dTTdt while (r. is kept constant; clamp distance is reduced until the 
sircES-tree state «7=0MPa is reached; 0—heaiing up to 7^^ with a 
heating rate k^^ - d77dr at o » 0 MPa; g)— start of the second cycl& 



In addition to the ebatic modulus £(Tu^) at Th^, which 
can be determined from the initial slope in the measurement 
range Q (Figure 6 a), the elastic modulus of the stretched 
sample at Ti^ can also be determined from the slope of the 
curve at (D (Figure 6 a). The important quantities to be 
determined for describing the shape>memory properties of 
the material at a strain f „ are the strain recovery rate and 
the strain fixity rate Both can be determined according to 



equations (4), (5)« and (6) from cyclic, thermomeehanical 
measurements. 

The strain recovery rate /^^ quantifies the ability of the 
material to memoiize its permanent shape and is a measure of 
how far a strain that was applied in the couise of the 
programming e:„-e^(N-l) is recovered in the following 
shape-memory transition. For this purpose the strain that 
occurs upon programming in the yVth cycle E„-CpCA/-j is 
compared to the change in strain that occuis with the shape- 
memory effect e„-ep(M lEq.(4)l. ep(Ar-7) and Pp(AO 



represent the strain of the sample in two successively passed 
cycles in the stiess-firee state before yield stress is applied. Tht 
total straun recovery rate Rrj^ is defined as thestrain recovery 
after passed cydeii based on the original shape of the 
sample [Eq. (5) ] . The strain fixity rate describes the ability 



(5) 



of the switching segment to fix the mechanical deformation 
which has been applied during the programming process. It 
describes how exactly the sample can be fixed in the stretched 
shape after a deformation to e^. The resulting temporary 
shape always differs from the shape achieved by deformation. 
The strain fixity rate Ri is given by the ratio of the strain in the 
stress-free state after the retraction of the tensile stress in the 
;vth cyde ^^(N) and the maximum strain [Eq. (6)1.1^1 



RAN) 



(6) 



As indicated in Figure 6, the first few cycles can differ from 
each other. The curves become more similar with an increas- 
ing number of cydes. The process of deformation and 
recovery of the permaneot shape becomes highly reprodu- 
cible. The changes in the fint few cycles are attributed to the 
history of the sample, thiis, processing and storage play an 
important role. During the first cycles a reorganization of the 
polymer on the molecular scale takes place which involves 
deformation in a certain direction. Single polymer chains 
arrange in a more favorable way in regard to the direction of 
deformation. Covalent bonds may be broken during this 
process. 

An Important variable that can not be determined by a two- 
dimensional measurement is T^^. In this respect^ the three- 
dimensional test record is interesting, and is shown schemati- 
cally in Egure6b. In contrast to the two-dimensional 
measurement, the sample is cooled down in a controlled 
way at a strain of ^ and a constant tensile stress a^^. The 
change in strain in this region is influenced by the temperature 
dependence of the coeffident of thermal expansion of the 
stretched polymer (see Section 2.13} and volume effects 
based on the thermal transition at Ti^^ (for example, a 
crystallization process). Having reached Ty^, the strain is 
driven back until a stress-free state is reached. The sample is 
then heated up to in a controlled way. In the course of this 
experiment the tensile stress is kept constant at U MPa, which 
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means that the clamps follow the movement of the test piece. 
Hie mechanical movement pccurring in the course of the 
shape-memory effect is recorded as a function of the temper- 
ature. Both the temperature interval as well as in which 
the shape-memory effect takes place can be determined from 
the interpretation of the e-T plane of the e-r^ diagram. 



2.3.2. Bending Test for the Determimttion oftheShapt- 
Memory Effect 

In the course of the bending test a sample is bent at a given 
angle 6\ at a temperature above the switching transition and is 
kept in this shape. The so-deformed sample is cooled down to 
a temperature Tia^<Tavm and the deformiiig stress is re- 
leased. Fmally, the sample is heated up to the measuring 
temperature T^^ > Tqu, and the recovery of the permanent 
shape IS recorded. The deformation angle 6^ varies as a 
function of time. The recovery rate is calculated from the 
ratio of the di^erent angles before and after recovery Of and 
the deformation angle Bi in the temporary shape 
[Eq. (7)],l»«-"l 



2,33. Shrinkage Deierminatian o/Heai-Shrinfcabie 
Products 

The test samples stretched at room temperature are kept 
imder a constant stress of about OJtMPa and healed above 
7t„„. In the case of polyethylene cross-linked by means of 
ionizing ray% the material is heated up at>ove the meldog 
point of the PE crystallites. The shrinkage is then given by the 
ratio [Eq.(8)]i where k=tJk, is the length of the 
stretched sample, and the length of the sample after the 
shrinkage process. Partly, instead of the original length of the 
sample ^, the stretching ratio A, the ratio of the length of the 
stretched sample 4tr 4. ^ed. Hie shrinkage process 
depends on the temperature T^^. Therefore, the shrinkage 
4(0 is often determined as a function of time for a given 
shrinkage temperature Tmuj.**'*"! 

Heat shrinkage 1%) « 7^100 « , " (',,, 100 (8) 

fur - /o (I — ^ ) 



2,4. PhyskaUy Cross-Linked Shape-Memory Pttlytners 

2.4.L Linear Bloctt Copolymers 

In this section shape-memory polymers are presented that 
form part of the class of linear block copolymers Hie 
mechanism of the thermally induced shape«memoiy efiect 
of these materials is based on the formation of a phase- 
segregated morphology, which has been described in Sec- 
tion 2.2, with one phase acting as a molecular switch. Through 
the formation of physical netpoints, the phase with the highest 
thermal transition T^cm on the one hand provides the 
mechanjcai strength of the material, especially at T< 
and on the other hand is responsible for the fixation that 
determines the permanent shape. The materials are divided 
into two categories according to the thermal transition of the 
particular switching segment on which the shape-memory 
effect is based. Hther the transition temperature Ttg^at u a 
melting temperature or a glass traiisitioo temperature T^. 
In the case of a melting temperature, one observes a relatively 
sharp transition in most cases while glass transitions always 
extend over a broad temperature range. Mixed glass transition 
temperatures T^ni^ between the glass transition of the hard- 
segment- and the switching-segment-determining blocks may 
occur in the cases where there is no sufficient phase separation 
between the hard-^segment-determining block (block A) and 
the switdiing-segment-detcrmining block (block B). Mixed 
glass transition temperatures can also act as switching 
transitions for the thermally induced shape-memory effect. 
Ikble 1 gives an overview of the various possible combina- 
tions of bard-segment- and .switching-segment-determining 
blocks in linear, thermoplastic shape-memory polymers. 

All the linear polyurcthane systems presented in the 
following paragraph are synthesized according to the prepol- 
ymer method Thermoplastic polyurethane elastomers are 
produced on an industrial scale by means of this technique, in 
this process, isocyanate^terminated pre-polymers are ob- 
tained by reaction of difunctional, hydroxy-terminated oli- 
gocsters and -ethers with an excess of a low molecular weight 
diisocyanate (Scheme 1, 1st reaction step). Low molecular 
weight diols and diamines are added as so called chain 
extenders to further couple these prepolymers. Unear. phase- 
segregated polyurethane- or polyurethane -urea block co- 
polymers are obtained in this way (Scheme 1, 2nd reaction 
step). Each polymer chain contains segments of high polarity 
composed of urethane and urea bonds that are linked through 



Table 1. Pos&lblc combiflaiion£ of har^^gmoal- (block A) and swiiching-eegmcQt-iietenniziing blocks (block B) in lifi&ar. t^icnnoplastic block copolymers 
wiUj ihcrmally induced shape-memory cffecti. In the block polymenin cate^ry I the pcnnanent th»pe is determined by tbe thermal transition at melting 
( «Tm A), in category 2 at the g|a«i iftpaltion {T^ ^ r^Q the hard-<cgmcat-<lctem»iiuag.Mock. 

Phase-aegregatcd tiloGk oopolyroen 

possible switching 
transitions 



Category Biock A 

highest thermal 2nd Uiermal 
transition transltian 



Block B 

blghef^ tbennal 2nd thermal 
transition transition 



l.i 

1.2 
13 
1.4 

2.1 

2.2 
2.3 



T^A 



r.a 



T^A 
T^A 

r,A 



T 
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A OCN-R 




+ 2ff<Mr OCN-R-NCO 




sw{(chlna-Mgm«nt-detsfni{ning haid^t^iMRMttennlnlng 
block talock 

Scheme 1. Prcpotymer method for the synthesis of thejrmoplosdc poly- 
uiethanes. R and R' arb ihoit chain ifroups with two free valenoes. 



chain-extender molecules. As a consequence of their high 
intermolecular interaction, they form the so called bard 
segments. Strictly speaking* they represent the hard-segment- 
formlng phase that is embedded in an amorphous elastic 
matrix. This amorpbotis matrix, with its low glass transition 
temperature lying far below the normal operating temper* 
ature. forms the so called soft segment In the case of 
potyurethanes with shape-memory effects, this segment serves 
as a switching segment For this purpose it is modified in such 
way thsit the thermal transition is located in a temperature 
range relevant for the respective application. Hard segment 
"clusters** with dimensions under 1 |im are formed by the 
phase-separation process that occurs. These clusters have high 
Tj, or values and act as multifunctional physical netpotnts. 
These so-called plasdc domains act as a reinforcing filler. 
Their ability to deflect mechanical energy by defomuiLtion 
enables the g;rowtb of microcracks to be prevented. They also 
impart cross-breaking strength and impact strength to the 
materialJ^'l 

In the following paragraph polymer systems are introduced 
whose shape-memoiy effect can be triggered by the transition 
of a melting point. Shape-memory polymers with T^^ = Tn 
are represented by polyurethanes, polyurethanes with ionic or 
mesogenic components, block copolymers consisting of poly- 
ethyleneterephthalate (12, PET) and polyethyleneoxide (13, 
PEO), block copolymers containing polystyrene (14) and poiy- 
(1,4-butadiene) (15), and an ABA triblock copolymer made 
from poly(2-methyI-2-oxazoltne) (16, A block) and poly- 
(tetrahydrofuran) 17 (B block). Polyurethane systems with 





14 
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Tmm- 7$ ^ introduced. T^ble 2 gives an overview of 
the chemical composition of the linear block copolymers and 
thehr respective transition temperatures that resulted in 
switching transitions, as well as the variability in the switching 
temperatures. 

The thermal ti'ansitions of the pure polymer blocks of those 
shape-memory tnaterials mentioned in paragraph 2.4.1 are 
listed in Table 3. 

Muiiibhck Copolymers wUk T^n„= 

Polyurethanes with a Poly(e-caprolaaotte) Switching Segmetu 

Kim and co-workers synthesized polyesteruiethanes 
(PEUs, T^ble 2^ first entry) with a hard-segmeni-determining 
block of rnethyleoebi5(4-phenylisocyanate) (18, MDl) and 
1,4-butanediol (19) by using the pre-polymer method.l"-*^*'! 
The highest thermal transition conesponding to the 



OCN. 



18 



NCO 

10 



20 



melting temperature of the hard-segment-determining blocks 
is found in the rainge between 200 and 240<'C. Poly(£- 
caprolactone)diols mth a number-average molecular weight 
(M„) between 1600 and 8000 form the switching segments. 
The switching temperature for the shape-memory effect can 
yaiy between 44 and 55 ''C depending on the weight fraction, 
of the switching segments (variation between 50 and 90 wt % ) 
and the molecular weight of the used poly(£-H:aprolactone)* 
diols. The crystallmity of the switching segment blocks 
detennined by comparision of the partial melt enthalpies 
with the melt enthalpy of 100% crystalline poly(e-caprolac- 
tone) (20) becomes higher as the weight fraction and the 
molecular weight of the poLy(e-caprolactone)diols used in- 
creases: Hencei the crystallization of the poly(£-caprolactone) 
segments is hindered by incorporating them into the multi- 
block copolymers. The crystallinity observed is between 10 
and 40 % . No crystallization can be observed when the poiy(e- 
caprolactone)di61 has a number-average molecular weight 
below 2000^ presumably, because of the low degree of phase 
separation. In cyclic thermomechanical measurements, an 
increase of the initial slope with the number of cycles is found. 
A behavior which is named '^cyclic hardening** can be 
observed during the initial four to five cycles. This effect is 
caused by a relaxation of the material in the stretched state 
which results in an increasing orientation and crystallization 
of the chaLos. As a consequence, the resistance of the material 
against the strain grows with the number of cycles. The 
materials reach constant strain recovery rates after the third 
cycle. Polyurethanes formed from a high molecular weight 
poly(£-caprQlactone) and a high weight fraction of hard- 
segmentHletermining blocks show the best shape-memory 
properties: the strain recovery rate increases up to 98% with 
strains of 80%. Moreover, the shape-memory properties 
are strongly influenced by the degree of strain applied: the 
strain recovery rates reached decrease with applied strains of 
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IVible 2. Overview of Uneai. tbennopUsttc block copdymen with cfaerroaUy iiiduced shape-metnory effecu. 
Categoiy aocording to l^ble 1 Hard-segmcnt-fqnniiig phase Switching-segment-funning pliasc 



.rc] 



Ret 



MuUlbhck copciymeri with Tnu,= T„ 

l.l MDIA.4.buUned]Dl 

1.1 MOm.4-buU»edial dime- 
thylo^opionlc.^d 

1 2 (meaogenlc segments catisc MDI/BEBP or BHBP 
fimher UansKions) 

\2 (taicsoffah acgmcats cattte HDI/4,4'-dihydroxybipheayl 
further transitions) 

1.2 (mixed at - 25 1 S X) poly(otbyloae terephlhalale) 



■2.1 



PS<M) 



2.1 (ABA triblode copolymer) poly(24ttetbyl-2-oxazoline) 



MuUiblock aipofymert with 

1.1 (<q>arate T| values for 
poiy(tctralqrdrofuraa) scg^- 
ments with Al.s 1000,2000, 
2900) 

1.2 (mixed T, for pQly(tetra* 
bydrofurao) segihenu with 
Ar„=2S0,6S0) 

1.3 

1.2-1.4 



MDl/1.4-buianedlol 



MD[/l,4-butanediol 

2i4-TDI or MDl 

darbodumtde-modified diisiv 
cyanate* (MDI and HOI) 
ethylene glycol or bi«(2-hy- 
droxycihyJ)hydrochinone 
combination of (2,2'-bis(4-hy- 
droxyphenyl)-propane (bi«- 
pbcnqi A) and ethylene oxide 



poly(c-caproUctpiie) (A/p^^ 1600, 2000. 
4000,5000,7000. and 8000) 
poly(«aproUctone) (M,=2O00, 4000. 
and 8000) 

poly(«-caproltctooe) (Al,«4000) 

poly(<-capKolactQne) (A/. » 4000) 

poj[y(ethyIcnc oxide) (Ar,»40D0, 6000, 
lOOQO) 

polydAbuudieae) (15) 

poly(ttftrahydro(^rAn) (M„ =s 4100- 
18800) 



poly((etrabydrofurw) (Ar^BlSO. 650. 
1000.2000.2900) 



po)y<ethylene adipate) (A/. b300, 600, 
1000,2000) 

poly{propylene oxide) (A/«=400, 700. 
1000) 

poly(bulylenc adipaie) (yif.=600. 1000, 
2000) 

poiy{ietrahydrofurftn) (M^ = 400. 650. 
700,850,1000) 

combination of (2Z*bis(4-bydn»y- 
pheDyi)-propBne (bisphenol A) anid 
propylene oxide {M^ = 800) 
poly(cthylene oxide) (M, «600) 



T„ of po}y(r-caprolactonc) [13, 14, 52] 
crystallites: 44-^5 
r. of poly(r<aprolactone) [17| 
crystalUtea: 45-55 

of pQly(e-caprolactone) [53] 
crystallites: 41-50 

of pQly(Maprolaetone) [54] 
crystallites: 38-59 

7*01 of poly(cihylcne oxide) [15, 16» 55] 
crystallites: 40-60 

of pdybutadiene [56^ 95) 

crystallites: 45-65 
T„ of poty(teirabydralunin) [57] 
crystallites: 20-40 



7, of poly(tetrabydiofuran) [18, 19] 

segmcnti or ouzed T^: 

-56-54 



of po]y(etbylfine adipate) [1 1] 
segments: - 5-48 

T,: -45-48 [58,59] 



250% from rates of more than 90% to rates of SO^. Besides 
the crystallinity of the switching segmeots, the decisive factors 
that influence the recovery properties are the formation and 
stability of the hard-segment-forming domains, especially in 
the temperature riange above the melting temperature of the 
switching-segment crystallites* Above a tower limit of the 
bard-segment-detennining blocks of 10wt%, the hard-seg- 
ment domains are no longer sufficiently pronounced to 
function efficiently as physical cross-links. A slight increase 
in the switching temperature can be observed during the 
initial three cycles. This behavior is interpreted as the 
destruction of weak netpoints followed by an increasing 
formation of an ideal elastic network. Tables 4 and 5 show 
values determined for the shape recovery and shape fixity 
rates. The samples were stretched at room temperature after a 
thermal pretreatment at SO'^C 

incorporation of Ionic Components into the Hard-Segment'- 
Forming Phase 

Several investigations have dealt with the question as to 
whether the incorporation of ionic or mesogenic moities into 
the hard-segment-forming phase can influence the mechan- 
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leal and shape-memory properties through the introduction of 
additional intermolecuJar interactions by possibly enhanc- 
ing the degree pf phase separation. For this purpose, poly- 
ester urethanes have been synthesized by the pre-polymer 
method using MDI and 1,4-butanediol as the hard-seg- 
ment-deterroining block. Half of the chain-extending 1,4- 
butanediol in the haid-segment-forming phase was substitut- 
ed by 2^-bis(hydroxymethyl)propionic add (21) so as to 
introduce additional intermolecular interactions.!") Poly- 
(£-caprolactone)diols with ntunber-average 
molecular weights between 2000 and 8000 V ^ 
were used as the switchiag-segment-forming 
phase. Hie weight fraction of the switching 
segment was around 70wt% for materials based on po]y(£- 
caprolaetone)diols with number-average molecular weights 
between 2000 and 8000 and varied between 55 and 90 wt % for 
pply(e-capTolactone)diol with a molecular weight of 4000. The 
switching temperatures for the shape-memory e£fect were 
between 44 and 55 A baid-segment phase additionally 
stabilized by loiiic interactions can be formed by neutraliza- 
tion of the propionic acid moities With triethylamine. Hiese 
multiblock copolymers having polyelectrolyte character are 
so called "ionomers**. As a result of their additional Coulomb 
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Table 3. Tbermal properties of the pure polymer blocks. 


Polymer block 


Block type 






MDIA«4-butaiiediol 


A 


200-240H 


lOfllMl 


pQLy(e-<caprolactQne) 


B 


Af, = l600: 46,3 
Af, = 7000: 55.9t"l 

W„ > 10000 (Bcmicrislamcc): 39-641"' •fl 


-.60W 


poIy(tetF&hydrofuran) 


B 


Af„=:25e: -7.9 

Air. = 1000: 23^ 
K =2000: 27.7 
A|,t=2900: 45.^«l 
57W 


-84 •O"^ 


poly(ethyleo6 adipate) 


B 


260 (aemlcrystalUne)!''! 

280 (semicrysctUiae, eHullibriiim)P^l 




poly(eibyleae tcrephlhalatc) 


A 


81 (semlcrystalline^ 
125 (aemlcrysKaltiDe and orieDted)!**! 


poly(etbyleoe ojdde) 


B 


M.S1400-1600: 45-50 
M.st900-2200: SO-52 
M. = 3500-4000: 59 -61 
M, = 5000-7000: fiO-63 
M,=8500-U5X: 63-65«"l 
69^ 


- 67^*1 


PS(14) 


A 


270IMI 


100 (amorphous)!^ 

90i"l 


pQly(l,4'butadiene) (15) 


B 


97 (modiffaLtioD I) 
145 (modification 




Pbtyethytfine 


A 


134 (90% ciyAtalline* Imdar PE) 
115 (60% crystalfoe; UPVEfn 


- 125 to- 120 (y) 
-W) to -4003)**^ 


poIy(vinyl acetate) 


B 




31W 


polyamide-6 (nylon-6) 


A 


215-220W 
223l»'l 




puly{2-melhyl-2-tixazolme) 


A 




4801**1 



Tiblc 4, Dependence of the strain recovery rale alter Ibe first cycle (J^l) 
In %} at 80% on the switching segment content SC[wt%| Cor 
dirferent molecular weights of the used poly(e-caprolactone)d]ols.>'*) 





sc 






SC 




4000 


31 


98 


7000 


92 


60 


sooo 


S9 


50 


70(KJ 


88 


93 


5000 


84 


96 


7000 


65 


95 


5000 


80 


98 


7000 


81 


98 



Thble 5. Dependence of the strain recovery raie.(/2r) and strain fixity rate 
{Rf) after the first and fourth cycle on the switching segment content 
SC [wt%] and the strain s. for different molecular weights of the 

poly(f-caproUctanc)diols UMd.'"^ 





SC 


Cm 


R,{1) [%] 


mm 




m\%] 


2000 


70 


200 


48 


20 


95 


98 


2000 


55 


200 


73 


65 


58 


60 


4000 


75 


600 


75 


60 


85 


90 


4000 


70 


200 


82 


73 


92 


95 


8000 


55 


200 


62 


52 


88 


90 



interactions, they exhibit a higher elastic modiJus and higher 
mechanical strength than the systems containing uncharged 
hard segment blocks The transition from the uncharged 
multibiock copolymers to ionomera results in an increase in 
the elastic moduli to between 24 and 34 % at 25 "Q depending 
on the molecular weight and the weight faction 6f the poly(e- 
caprolactone)diols used. An increase in the elastic modtili 
between 38 and 156% is observed at 65-C In addition, an 



increasing hard-segment content increases the mechanical 
stability of the materials. The charged systems ^how up to 
approximately 10% higher strain recovery rates and equal 
strain fixity rates relative to the uncharged systems, l^ble 6 
displays the strain fixity and strain recovery rates for two 
materials with and without lonomer, both based on poIy(e- 
caprolactone)diol with a number-average molecular weight of 
4000 and a poly(e-caprolact6Qe) content of 70 wt%. 



Table 6. Comparison df strain recovery rate (/(,) and strain fixity rate (Rj) 
at «a — 200 % and a swHcfaiiig segment conteol ol70 wl % for ionomen and 
the corresponding non-ionomjen.'"! 





^1)[%1 


RX4) \% ] 


mm 


mm 


looomer (charged) 


66 


45 


95 


95 


non-ionomer (tucharged) 


62 


35 


95 


95 



. Incorporation of Mesogenic Components into i/ie Hard' 
Segment-Forming Phase 

In the case of the incorporation of mesogenic diols such as 
4.4'-bis(2-hydroxyethoxy)biphenyI (22, BEBP) or 4,4'-bi»- 
(2-hydroxyhexoxy)biphcnyl (23. BHBP) into the hard-«eg- 
ment-detenniniilg blodks based on MDl, an increased sol- 
ubility of these blocks in the switching segment made of poly- 
(E<aprolactone) (W»-4000) is observed.*®' As a conse- 
quence, a mixed 7*, value of the hard-segment- and switch- 
ing-$egment-fOTming phase occurs. The strain-induced fixa- 
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tion observed is attributed to crystallization of the switching- 
segment blocks. Ad increase in the strain fixity rate of more 
than 20% is observed in the case of the polymers with added 
BEBP with a switching-segment content increasing from 60 to 
80 wt % and a strain value of 100%. Materials with added 
BHBP show an increase in the strain Mty rate of 5. to 10% 
wnth a strain of 100 to 300%. Table 7 shows an overview of 
the recorded shape-memory properties. The strain recovery 
rates observed at a strain e„ of 100% correspond to those with 
a hard-segment-forming phase containing MDI/l,4-butane- 
diol. 

T^blc 7. Dependence of the strain recoveiy rate {R,i^)) and ftrain &dty 
rate (A|{4)) of rouitiblock copolymers with a hard-segment-fonain^ phase 
of MDF1,4-biitanecliol alter the fourth cycle on the switching segment 
content SC [wt%], the strain and the added mesogenic diokt*< 



Additive 


SC 








BEBP 


80 


100 


m 


98 


BEBP 


71 


too 


SO 


95 


BEBP 


57 


100 


85 


75 


BHBP 


80 


too 


85 


8S 


nHBP 


70 


100 


80 


80 


BHBP 


59 


100 


B5 


80 


BHBP 


80 


300 


68 


95 


BHBP 


70 


300 


73 


90 


BHBP 


59 


300 


63 


85 



(al The values are calculated fiom Fi^unss 2-4 in wl [53]. 



Block Copolymers Made of Polyethylene Terephthalate (12) 
and Polyethylene Oxide (13) 

A further example of shape-mcmory polymers with T^- 
Ta> are linear, pha«e-«Bparated block copolymers wi^ a hard- 
segment-forming phase based on PET and switching-segment 
blocks of ¥EO}^ >*-«-«rThe highest thermal transition 
is. the melting point of the PET blocks at 260 ''C The thermally 
induced shape-memory effect is triggered by the melting 
temperature of the PEO crystallites and can be varied 
between 40 and 60 °C depending on the molecular mass of 
the PEO blocks or on the PET content (see Table 2). 

The crystalline fraction of the switching segments increases 
as the molecular weight of the PEO blocks grows. Simulta- 
neously, the melting temperature of the PEO blocks Increases 
as their molecular weight increases Hie crystallization of the 
PEO blocks is more and more hindered as the weight fraction 
of PET increases. As a consequence, the melting temperature 
of the switching segment with the same molecular weight 
decreases in the case of a polymer with an increased content 
of hard-segment-determining PET blocks. Streching a sample 



at a temperature near the melting temperature of the PEO 
segments results in the crystallites of the PEO segments 
becoming parallelly orientated. They change their shape from 
spherulitic to fibril-Like structures. If these structures are too 
well developed they hinder the recovery process. This Is why a 
change in the strain recovery rate as a function of the applied 
strain is observed depending on the composition of the 
copolymer or on the developed morphology. To investigate 
the strain recoveiy rate the samples were stretched above the 
melting point of the PEO crystallites at 58 °C, cooled down, 
and heated up. again with a heating rate of 1 Kmin*^ The 
shrinkage observed upon heating increases with an increasing 
molecular weight of the PEO segments up to strains e„ (up to 
100%). After reaching a maidmum at a strain of around 
150%. the observed shrinkage decreases again. The series of 
block copolymers investigated here shows improved strain 
recovery rates if the weight fraction of PET increases. This 
behavior is explained with the formation of more stable 
physical bonds in the better aggregated PET blocks. The 
temperature at which the highest recovery rate can be 
observed is the so-called recovery temperature 7^. This 
temperalfiire is found in the range of the melting temperature 
of the PEO switching segment. Tables 8 and 9 show typical 
shape-memory properties of PET/PEO block copolymers. 

Tabic 8. Dependence of the itrain recovery raU after the first cydc (/?r(l )) 
and the recovery temperature 7; on the switching segment content 
SC [wl%] and the slram c« for dlllcrcnt molocular wcijlit poly- 
tethyle&e oxide)diols tftken from Thbic 2 in cet [15]. 





SC 






r.1%1 


2000 


73 








4000 


68 


43j0 




85 


6000 


79 


48Xi 


98.7 


120 


:600b 


74 


47i 


99.1 


120 


6000 


68 


464 


9m 


120 


LOOOO 


R3 


54^ 




150 


10000 


78 


S2A 


99J7 


150 



Ikblc 9. Dependence of the strain recovery rale after the first eyde R^\) 
(m%) at e„-l80% and r»(*C| on the switching aegincnt content 
SC [wi%l for dllfertni molceuEar wbighl Af« polyfctfaylcne oxide)diob in 
11ible2iaref.ll6|. 





SC 








SC 


7*0. 




4000 


72 


452 


84 


6000 


74 


463 


92 


4000 


68 


43.9 


85 


lOOOO 


83 


543 


93 


6000 


79 


47^ 


90 


toooo 


78 


52,7 


95 



Block Copolymers Made of Polystyrene (14) and 
Poly(l;4^butaiUene) (IS) 

The poly(l,4-butadiene) blocks in phase^egregated block 
copolymers consisting of 34wt% PS and 66wt% poly(l,4- 
butadiene) are found to be semicrystalline with a high trans 
ratioJ^^J The melting temperature of the poly(l,4-buta- 
diene) crystallites represents the switching temperature for 
the thermally induced shape-memory effect. The glass tran- 
slUon of the polystyrene is the hi^est thermal transition 
and is foimd at ThuSj polystyrene supplies the hard- 
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segment-determinizig block& The high gidss transition tem- 
perature of the polystyrene blocks hinders the polybutadiene 
chains from slipping off each other upon stretching. The 
elastic properties, which are not only responsible for the 
elastic strain but also for the recovery because of the 
materiars entropy relaxation, are attributed to the amorphous 
areas of the polybutadiene phase. For a material with a 
poly(l,4-butadiene) content of 86mol% and a weight-aver- 
age molecular weight of 70000, the formation of two crystal 
modifications in the polybutadiene blocks is reported. One of 
the observed crystal modifications is stable at room temper- 
ature. First, the low temperature modification converts into 
the high temperature modification upon heating vp to 
temperatures higher than 45 Only if a temperature of 
65 "C is exceeded does the poly(l,4-butadiene) reach a 
completely molten, amorphous state. A reversible solid-state 
transformation is possible between the two crystal modifica- 
tions. Whereas, a melting pomt usually guarantees a sharp 
transition, here, the existence of the two different crystal 
modifications does not allow an exact tuning of the switching 
temperature. A high strain recovery rate in the range of 80% 
is observed (T= 80 ''C) upon application of a maximum strain 
in the range of 100 % . still reaches values of around 60 % 
at a maximum strain of more than 400%. The appearance 
of the shape-memory effect is explained by the formation of 
oriented crystallites upon application of high elongations of 
up to 600%. These oriented crystallites form a fibril-like 
structure with high regularity over large distances, liie single 
fibrils are linked through amorphous 1,4-polybutadiene 
chains that are anchored in several crystallites at the same 
time. The highly ordered morphology described remains 
stable even after heating above WC, 

ABA l>ibloek Copolymers Made from Poly(tetrahydrofuran) 
(27) and Poly(2'm€thyl'2-oxa^oltne) (16) 

ABA triblock copolymezs with a central poly(tetrahydro- 
furan) block (B block) with number-average molecular 
weights between 4100 and 18 800 and equipped with terminal 
p61y(2-methyU2-oxazoluie) blocks (A block) with molecular 
weights of 1500 are obtained by cationic ring-opening 
polymerization.1^1 The A blocks exhibit glass transition tem- 
peratures around SO^'C and represent the hard-segment- 
forming phase. Tike poly(tetrahydrofuran) blocks are semi- 
crystalline and exhibit a melting temperature beto^een 2J0 and 
40 *C, depending on their molecular, weight. These melting 
temperatures are used as switching temperatures lor a 
thermally induced shape-memory effect. As the thermal data 
of the two different segments do not differ significantly from 
the values of the respective homopolymers» one can assume 
that the material shows microphase separation. The materials 
with poly(letrahydrofuran) blocks having a molfecular weight 
greater than 13000 exhibit very good mechanical strength at 
room temperature. In contrast to pure poly(tetrahydrofuran), 
the block copolymer materials show elastic properties and 
incomplete softening even above the melting temperature of 
the poly(tetTahydrofuran) segments. This observation is 
interpreted as the formation of a network with physical 
cross-links by the poly(2-methyl-2-oxa«oline) blocks. These 



blocks solidify below SOX to.form a glass. If a sample with a 
number-average molecular weight of the central poly(tetFa- 
hydrofuran) block of 19 000 is stretched to 250 % elongation at 
22 °C; half the elongation will be kept after releasing the 
external stretching force. A nearly complete recovery takes 
place upon heating the sample to 40 "^C. 

2.4,LZ MuUiblock Copolymers with T^^- 

In phase-segregated block copolymers a glass transition can 
also be used as the switching transition for the shape-memoiy 
effect. A prerequisite is a glass transition that takes place 
within a narrow temperature range and above the usual 
operating temperature of this material. In the following 
paragraph, polymer systems are introduced whose shape- 
memory effect can be triggered by using a glass transition. Ail 
examples are polyurethane systems, in which the hard-seg- 
ment-forming phase is synthesized from MDI/l,4-batanedioL 
The switching segment blocks are mostly polyethers such as 
pDly(tetrahydrofuran) but also polyesters such as poly- 
(ethylene adipate) (24) are used. In the case of an ahnosi 
complete phase separation, the 
glass transition temperature 0 
used as the switching transition Sv'''*'''-''''*^^ 
can origin from the pure o 
switching-segment blocks. In ^ 
the case of less-separated pbas- 

es» which can typically be found for short switching-segment 
blocks, a mixed revalue from the glass transition temper* 
atuies of the hard-segment-fotmii^ and the switching^eg- 
ment-forming phase can occur. This mixed value can be 
found between the glass transition temperatures of the pure 
hard-segment- and switching-segment-determining blocks. 

An example of materials with a mixed revalue are the 
systems with pd1y(tetrahydrofuran) switching-segment blocks 
having number-average nMlecular weights of 250 and 650 that 
have been provided with a hard'segment-forming phase from 
MDI and 1,4-butanediol by using the pre-polymer meth- 
odic** »\ The highest thermal transition T^^ corresponding to 
the melting temperature of the hard-segment-forming phase 
can be foimd between 200 and 240 "C The phase-segregated 
block copolymers contaiiung a switching segrnent with a 
molecular weight of A#, =250 exhibit a value in the range 
between 16 and 54**C, depending on the hard-segment content 
(hard-segment (content between 57 and 95wt%), a 7| value 
between -13 and 38*C for a switching segment with a 
molecular weight Af ^ =^ 650 (hard segment content between 32 
and 87 wt%X and a revalue between -36 and 22''C for a 
switching segment with a molecular weight of Mo = 1000 
(content of hard segment determining blocks between 23 and 
81 wt%). A mixed revalue can not be observed if poly- 
(tetrahydrofurans) with a molecular weight of 2000 or 2900 
are used because of the good separation of the different 
blocksL Here, the occurring glass transition temperatures of 
the polyCtetrahydrofuran) blocks are also dependent on. the 
hard-segment content because the hard segments restrict the 
mobility of the switching-segment chains 

The shape-memory behavior is determined by means of a 
bending test (see Section 2.3.2). In the course of the bending 
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test, the sample is bent at a certain angle at 80 ''C and kept in 
this defonnation. The deformed sample is quickly cooled 
down to -20"C and the external force is released. Finally, the 
sample is brought to the test temperature and its recovery to 
the original angle is recorded The deformation recovery rate 
is calcalated from Equation (7). The value increases with 
increasing amounts of the hard-segment-determining blocks. 
As a consequence, the temperature at which the shape* 
memory effect is triggered rises. The deformation recovery 
rate increases with increasing amounts of the hard segment, 
and reaches values of up to 99% for the material synthesized 
from a poIy(tetrahydrofuran) wi|b Af„>«2S0 and a hard- 
segment content of 75 wt % . Complete recovery of materials 
prepared from a switching segment with Af„ = (SSO is only 
reached for a hard-segment content of 87% and higher. A 
constant recovery rate of 95 % is reached after approximately 
100 repetitions of the bending experiment. If the deformation 
recovery rate is plotted against the temperature* an increase m 
the switching' temperature with increasing 7*,, or increasing 
hard-segment content, can be found, as expected. 

Materials obtained from low molecular weight pply(tetra- 
hydrofurans) but with a high weight fraction of the hard- 
segnient-forming phase show more or less complete defor- 
mation recovery. The block copolymers with high amounts of 
bard segments (between 67 and 95wt%) show almdst 
complete recovery, independent of the molecular weight of 
poly(tctrahydrofurans). The deformation recovery rate is 
higher as the molecular weight of the switching segment 
decreases. This effect is caused by an increased restriction of 
the shorter switching-segment chains to coil themselves. A 
large amount of bard-segment-determining blocks limits the 
twisting and coUing of the switching segment chains and thus 
considerably controls the shape^memory properties. In mate- 
rials with high molecular weight poly(tetrahydrofuran) 
blocks, the hard-segment-determining blocks can not fulfill 
this task effectively. Here, the more intense twisting of the 
chains clearly results in lower recovery rates. This effect can 
only be compensated for by increasing the proportion of hard- 
segment-determining blocks. 

Block copolymers containing a hard-segment-forming 
phase of MDI and l,4-butanedi6l and a switchmg segment 
bas^d on poly(ethylene adipate) (24) can be triggered by a 
glass transition temperature.l"l The glass transition temper- 
ature obtained with switching segment blocks with weight- 
average molecular weights of 300, 600, and 1000 at a constant 
hard segment content of 75 mol % decreases from 48 to - 5 "^C 
with increasing molecular weight of the poly(ethylene adip- 
ate)diols usedL The T, value of the switching-segment phase in 
a block copolymer prepared from pQly(ethylene adipate)didl 
with a molecular weight = 600 increases from 13 to 35^C 
as the hard-segment content increases (from 75 to 90 mol %). 
This effect is caused by an increased hindrance in the mobility 
of the switching-segment chains. Cyclic, therm omechanical 
tensile tests (6„ = 100%} of a material synthesized from a 
polymer with A/, =600 and a hard segment content of 
88 mol % (69wt%) show that the remaining strain after 
recovery ep increases with the number of cycles. Hie strain 
recovery rate decreases from 85 % after the first cycle to 70% 
after the fourth cycle. This behavior is a sign of increased 
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fatigue in the material as the number of cycles increases; this 
fatigue is caused by an increase in the slippage of the 
amorphous segments. 

Since the 1980s Mitsubishi Heavy Industries have marketed 
shape-memory polymers that are triggered by means of a glass 
transition temperature. Hayashi and co-workers have descri- 
bed polyurcthane systems with shape-memory properties that 
exhibit a glass transition temperature in the range between 
-30 and 30 ''C and discussed their application as auto chokes 
or thermoseositive switching valvcs.t'* ^l An extension of these 
polyurcthane systems was described in a patent in I992.i^l 
Here, materials with glass transition temperatures in the range 
of -45 to 48 are described. This patent refers to the 
production of fatmcs using threads made of polyurcthane 
clastoriier^ showing the shape-memory effect. These are 
supposed to enhance the crease resistance of the fabrics. 
Other applications discussed are moisture-permeable mem- 
branes in breathable fabrics whose permeability shows a sharp 
rise aboye the value because of a higher segment mobility. 

Table 2 presents a summary of the possible composition of 
the hard-segment- and the switcbing-segment-fprming phases 
prepared at Mitsubishi. The hard-segment-determining blocks 
can be formed by toluene-2,4-diisocyanate (25, 2,4-TDI), 
MDI (18), carbodiimide-modified diisocyanat^ such a$ MDI 
and hexamethylene diisocyanate (26, HDI), and chain ex- 
tenders sudi as ethylene glycol* bis(2-hydroxyethyl)hydro- 
quinone, or a combination of 2,2'-bis(4-hydroxyphenyl)pro- 
pane (27« bisphenol A) and ethylene oxide. The switching- 

2S 27 
28 20 



segment-determining blocks can be formed by polyethers, for 
example* PEO (13, iW„=600), poly(propyIene oxide) (28, 
^„»400, 700, 1000), poly(tetrahydrofuran) (17, Ma'^AOO, 
650, 700. 850, lOOO), or a combination of bisphenol A and 
propylene oxide (^^=800), or oligocsters, for example. 
poly(butylene adipate) (29, Af„ = 600, 1000, 2000). 

The results of cyclic, therm omechanical tensile tests with 
maximum elongations of 50 and 100% for two materials 
differing in E modulus above their 7g values of 45 "C are 
reported: one materia] with polyester switching blocks and a 
relatively high E modulus and another material with poly-* 
ether switching blocks with a low E modulus. In the course of 
the cydic, thermomechanical tensile test, the test pieces were 
stretched at a temperature 7^,^ of 65 to the maximum 
elongation e„ mentioned above* Ibe samples were then 
cooled down to a temperature T^i* of 25 "C and kept for five 
minuted at this temperature— the deformation was fixed by 
cooling below the system's glas transition temperature. 
Subsequently, the external stress was released, the sample 
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was heated to T^^, and the recovery caused by the tbecmaliy 
induced shape-memory effect was recorded. The next cycle 
was then started. The strain remaining after the materials 
recovery increases with a growing number of cycles. The 
strain recovery rate already decreases during the first 4- 
5 cycles, which indicates an increasing fatigue of the material 
or a deterioration of the shape-memory properties. This 
behavior is interpreted in terms of an irreversible slipping of 
the chains within the amorphous segments, disentangling of 
mechanical entanglements, and a partial breakage of the 
crystalline hard segments especially after the first two cycles. 
The best strain recovery rates for an applied maximum 
elongation e„i of SO and 100% are observed for the polyether- 
based material (Table 10). 



Table 10. Strain recovery rate after tbe Gist and fourth cyde. The values 
arb calculated from Figures 6 aod 9' in ret [9]. 
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2.4.Z Other Themoplastic Potymen 



Potynorbomene 

Noi^orex is a linear, amorphous polynorbomene 30 devel- 
oped by the con^>anies CdF Chemie/Nippon Zeon in the late 
1970s. The molecular weight of this polynorbomene is about 
3 X 10*.^*-*J It is synthesized by a ring-opening metathesis 

polymerization of norbdr- 
*4v'*V'"^^/ 'V^N^"'^ nene using a tungsten-car- 



30 



bene complex as catalyst 
The obtained polyndrbor- 
nene contains 70 to 
80mol% of /Ttffu-linked norbomene units and has a glass 
transition temperature between 35 and 4S'*C^*''^1 The ^ape- 
memory effect of this strictly amorphous material is based on 
the formation of a physically cross-linked network as a result 
of entanglements of the high molecular weight linear chains, 
and on the transition from the glassy state to the rubber-elastic 
state (see Section 2.L1).1^( The material softens abruptly 
above the glass uansition temperature 7^. If the chains are 
stretched quickly in this state and the material is rapidly 
cooled down again below the glass transition temperature the 
polynorbomene chains can neither slip over each other 
rapidly enough nor disentangle. It is possible to freeze the 
induced elastic stress within the material by rapid cooling. 
Therefore, the sum of the time period for the stretching 
process AtantA and the cooling process At^ has to be much 
shorter than the time period it would take the stretched 
system to relax Af,d«Btai (Ai«„KdL-l- A^^<Af„ta«taJ. The 
recovery of the material's original shape can be observed by 
heating again to a temperature above T^, This oocois because 
of the theimally mduoed shape-memory effect.^1 

The norsorex described is not inevitably purely amorphous. 
Sakurai and Takahashi have reported a high molecular weight 



polynorbomeine with a high proportion of rro/u-linked 
norbomene units showings a tendency towards strain-Induced 
crystallization.!^ A material that has been stretched four 
times at QC'C and has been cooled down rapidly to O^Q then 
exhibits a melting point of 85''C Wide-angle X-ray scattering 
(WAXS) analysis shows X^ray reflections that can be 
attributed to cis and trans oystallites. The intensify of these 
reflections correlates with thb content of cis and trans crys- 
tallites. On the basis of this observation, the possibility must 
not be excluded that crystallites acting as physical netpoints 
contribute to the sbape*memoiy effect. 

Organic-inorganic hybrid polymers consisting of polynor- 
bomene units that are partially substituted by polyhedral, 
oUgomeric silsesquioxanes (POSSi that is« polycydic silicon 
oxygen compounds of the general formula Sij«Hi,Ov) also 
form an amorphous polynorbomene materialJ^ The hydro- 
gen atoms of the POSS units are either substituted by 
cydohexyj or cydopentyl substituents (51a, b). A POS&- 
modified poiyooxborncDe is obtained with a content of 60 to 




31a.b 

a: R « Cycbpentyl 
b:R=CyGk)ha(yl 



73mol% cif-linked norbomene imits by a ring-opening 
metathesis polymerization of hybrid-POSS-norboraene mon- 
omers and norbomene using a molybdenum catalyst Up to 
8.4 mol% or SO wt% of the POSS-modified norbomene can 
be incorporated into the polynorbomene material by using 
this copolymerizatipn process. The weight-ayerage molecular 
weights obtained are in the range between 75000 and 740000. 
The glass transition temperature increases from 52 °C for pure 
polynorbomene (60 mol % cis content) to 81 ''C in the case of 
a polynorbomene with a content of 50wt% of a POSS 
norbomene. with cyclohexyl substituents 

The increase in the glass transition temperature of the 
polynorbomene by incorporation of the POSS modified 
comonomers results in an improved heat and oxidation 
resistance. It is the C-C double bond in each repeating imit 
that makes pure polynorbomene senritive towards oxidation. 
It should be possible to obtain better shape-memory proper- 
ties by Increasing the glass transition temperature to addi- 
tionally slow down the relaxation of the polynorbomyl chains 
after stretching above 7,. WAXS mvestigations show that the 
material with cyclohexyl substituents is amorphous, like pure 
polynorbomene, whereas the POSS groups aggregate within 
the material containing cyctopentyl substituents and show 
phase separation to a certain extent This arrangement of the 
side groups provides an additional physical cross-link and 
hence a stabilization of the material above 7^. 
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Clearly, better shape-meniory properties can be observed 
relative to pure polynorbornene or the polynorbomene 
materials with POSS co-monomers bearing, cydohexyl sub- 
stituents* If a maximum elongation c„ of 300% is applied, 
both the pure polynorbomene and the PQSS-modified 
polynorbomene with cyclopentyl substituents show a strain 
recovery rate of approximately 75% upon heating to a 
temperature above T^, U the recovery experiment is pe^ 
formed under a stress of CftMPa for the polyndrboroene 
homopolymen because of the increased softening at temper- 
atures above after reaching the maximum recovery of 75 % 
at a temperature of 70 "C, again a stretching to over 200 % at a 
temperature of 90°C can be observed. However, the poly- 
norbomene with a content of 50 wt% PQSS-modified nor- 
bomene with cyclopentyl substituents retains its shape even at 
high temperatures (up to ISO'^C) because of the stabilization 
described. 



2,4,22. Pofyethylene/Nylon-6'Graft Copolymer 

P&iyethylene (32. PE) grafted with nyIon-6 (33) that has 
been produced in a reactive blending process of PE with 
nylon-is by adding maleic anhydride and dicumyl peroxide 
shows shape-memory propeities.t^"'' The nylon-6 content of 



2.5. OiemicaUy Crass-Linked Sbape-Memoiy PolymerB 

There are two strategies for the synthesis of polymer 
networks. Firstly, the polymer network can be synthesized by 
polymerization, polycondensation, or pplyaddition of difunc^ 
tional monomers and macromonomers by the addition of tri- 
or higher functional cro$s-linkers. Figure 7 a shows the syn- 
thesis of Govaleiitly bound networks by trisating methacrylate 




32 



33 



h) 



theSe materials is between 5 and 20 wt % . Nylori-6. which has 
a high melting temperature of around 220 X, comprises the 
hard-segment-forming domains (domain size below 03 ^m) in 
a matrix of scmicrystallme PE. These domains form stable 
physical netpoint& The switching temperature for the ther- 
mally induced shape-memory effect is given by the melting 
point of the PB crystallites of 120 "C Tlie polyethylene 
crystallites act as molecular switches. Strain fixity rates of 
around 99% and strain recovery rate^ between 95 and 97% 
have been determined for these materials for an elongation 
of 100% (see Table 11). For nylon-6 contents between 5 and 
20 wt % , no definite influence of the nylon content on the 
shape-memory properties can be found. The highest recovery 
rate has been determined to be at 120''Ci:2K, which is in 
the range of the melting temperature of the PE crystallile& 
The shape-memory properties of FB cross-linked by 
treatment with ionizing radiation are given in Table 11 for 
comparison. 



Tible n. Dependence of the strain recoveiy rate (/Z,) and itrain fixity rate 
(/y on Tiylon-6 content The valuei are taken from Tabk 3 in rci [100]. 
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Figure 7. Synthesil atrategics for polymer networks a) by potymerixatioa 
or b) by crofis-Iinkiog of linear pofymers. 



monomers with an oligomeric dimethacrylate as a cross- 
linker. The chemical, thermal, and mechanical properties of 
the network can be adusted by the choice of monomers, their 
functionaUty, and the cross-linker content. The second 
strategy to obtain polymer networks is the subsequent cross- 
Unking of linear or branched polymers (Figure 7b). In all the 
methods aimed at subsequent cross-linldng of linear polymers 
the structure of the obtained network is strongly dependent 
on the reaction conditions and curing times, especially the 
cross-link density. The cross-linking of linear polymers can 
take place by a radical mechanism involving ioniziag radiation 
or by the eliminatioD of low molecular weight compotmds to 
generate unsaturated carbon bonds. These have the capability 
to form chemical cross-links. The addition of radical initiators 
to linear polymers makes it possible to convert polymer chains 
into radicals that are able to recombine intermolecuiarly. 
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In the following section examples of the synthesis of shapes 
memory polymer networks for both synthetic strategies are 
presented. Polymers cross-linked by means of ionizing 
radiation haye particular economic significance. 



2.5. i. Network Synthesis by Subsequent CrasS'Linking of 
Linear Polymers 

15.1.1. Polymers Cross-Linked by Means of Ionizing 
Radiation 

Charlesby was the first to d^cribe the ''memory effect" of 
polyethylene treated with ionizing radiation (7 rays or neu- 
trons)J^] A chemically cross-linked network is formed by 
application of low doses of irradiation. Polyethylene chains 
are orientated upon application of mechanical stress above 
the melting temperature of the polyethylene crystallites, 
which can be in the range between GO and 134 "C. Poly- 
ethylene crystals are formed by codling below its ciystaHiza- 
lion temperature, and these can fix the temporary shape by 
acting as physical netpoincs. Heating the material above the 
melting temperature of the crystalline domains results in the 
material returning to its permanent shape, which was fixed 
during, the irradiation process.'** 

Tliis technology has reached high econotnic significance in 
the field of heat-shrinkable products. Materials that are most 
often used for the production of heat-shrinkable polymers are 
HDPE, LDP£, and copolymers of P£ and poly{vinyl acetate) 
(34).l' ' ** After shaping, for example, by extrusion or 
compression molding, the polymer is covalently cross-linked 
by means of ionizing radiation, for example, by highly 
accelerated electrons having energies of 0:5 
nr^*** 34 to 3MeV. The energy and dose of the 
radiation have to be adjusted to the geom- 
o etiy of the sample to reach a sufficiently 

high degree of cross-Unking and hence 
su^ceht fixation of the permanent shape. The radiation dose 
should reach values between 20 and 30 Mrad (200-300 kGy). 
Subsequently, the preformed parts are heated above the 
melting temperature of the crystallites. At this temperature 
the material has rubber-elastic or viscoelastic properties. The 
samples formed in this state and then cooled down keep their 
temporary shape to the cooled state. The technical term for 
this process is "expansion^. Commercial products have 
expansion ratios of up to 6:1, Depending on the intended 
application, heat-shrinkable products made of cross-linked, 
semicrystalline polymers are delivered either as semifinished 
products, for example, as heat-shrinkable tubing, or as the 
final products in the expanded state. These are connected to a 
substrate by a heat treatment. Areas of applications are, 
among others, the packing industry, elearonic, civil, and 
process engineering. 

The influence of the degree of cross-Unking of y<ross- 
linked PE.on the gel content and heat-shrink properties was 
described for LDPE and HDPE.(^lThe gel content increases 
with the applied radiation dose (0-160 kGy). For both 
materials, the gel point is exceeded by application of radiation 
doses between 1 1 and 22 kGy. A higher gel content is reached 
at the same dose for HDPE. The gel content reaches values of 



around 60% for radiation doses of 160 kGy. At a dose of 
100 kGy, the heat shrinkage is between 94 and 100% {T= 
130*'C) for LDPE and 100% (T= 150X) for HDPE. Both the 
applied radiation dose and the shrink temperature chosen 
have a decisive influence on the heat shrinkage is reached: it 
increases with increasing radiation dose and temperature. 

2.5A.2. Networks Synthesized by Subsequent Chemical Crdss- 
Unking 

Heating poly(vinyl chloride) (35, PVC) under a vacuum 
results in the elimination of hydrogen chloride in a thermal 
dehydrochlorination reaction. Tlie material 
can be subsequently cross-linked in an HQ S^^^ 35 
atmosphere. The polymer network obtained ci 
shows a shape-memory effect. Skikalovi 
et al. have dehydrochlorinated a non-cross-linked PVC with 
a number-average molecular weight of about SO 000 and 
subsequently cross-linked 'iXfi^^ The degree of dehydrochlori- 
nation varied between 0.6 and 86%. At the beginning of the 
dehydrochlorination reaction a strongly cross-linked structure 
is formed Afterwards, an increasing degradation of the chains 
takes place that is accompanied by a loss in the thermal and 
mechanical stability of the material. 

The shape-memory effect of the material was recorded on 
observing tlie recovery of a sample, which had been com- 
pressed bdtore, with an original volume Vq upon heating 
above the glass transition temperature of about 83 by 
means of dilatometry [Eq. (9)]. Hie highest relative increase 

.(7, = ^ (,) 

in volume AV{7) with values €{T) of 2.0 is reached by samples 
with a degree of dehydrochlorination of 12.9 and 22 J % at a 
temperature of 100 The very weakly dehydrochlorinated 
sample (degree of dehydrochlorination of 0.6%) shows 
almost no recovery. Samples with a degree of dehydrochlori- 
nation of 2.6 and 54.4% exhibit an increase hi their relative 
volume £(7) of 1.0. 

Polyethylene -P[fly (vinyl acetate) Copolymers 

Cross-linked poly[ethylene^co-(vinyl acetate)] is produced 
by tr^ting the radical initiator dicumyl peroxide with linear 
poly[ethylene-ci3-( vinyl acetate)] (36) in a thermally induced 
cross-linking process.'^^! Materials with different degrees of 
cross-linking are obtained depeiuiing on the mitiator ooncen- 
traliqn, the cross-linking tern- 

peraturci and the curing time, Tt*'''^''»*Y^f?^ 36 
Tlie gel content of the obtained 
cross-linked materials can be O 
used as an estimate of the de- 
gree of cross-linking. The co-monomer vinyl acetate, which is 
randomly buorporated into poly(etbylene-c^vinyl acetate) 
by copolyroerizalion, causes a decrease in the melting 
temperature of polyethylene crystallites relative to the PE 
bomopolymer. A copolymer having a vinyl acetate content of 
28 wt% shows a melting temperature of 70 ^'C^ 1.5 K for the 
polyethylene crystallites. TTie cross-linking does not signifi- 
cantly influence the melting temperature. The values obtained 
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for strain fixity and strain recovery rates at a maximum 
elongation c„ of 100% for materials which have been cross- 
linked at 170 ""C are shown in l^bLe 12. To determine these 
properties, polymer samples were heated up to 80 ''C 
stretched to £„ = 100%, and cooled down quickly to fix the 
deformation. A strain recovery is observed upon heating the 
sample up to 90 °C Hie strongest recovery e^t is found at 
temperatures just above 60 "C, which is dose to the melting 
point. The strain recovery rate for polymer networks having 
gel contents lower than S0% already decreases strongly 
during the first four thermocycles. In contrast, the stram 
recovery rates oif polymer networks which are cross-linked 
more strongly, with gel contents higher than 30%, stay 
constant or increase during Che first foiu: cycles. 

l^ble 11 Dependence of tiie itrain recoveiy rate {R,) and strain fixity rate 
(Hd gel content of poly[ethylone-a>-(via^ acetate)] <BVA) as an 
estimate for the degree of cross^Unking. The values are taken froml^ble 3 

in Tct [IMJ. 



Sample (gel content) R, [%] Rj [%] 



EVA non-cross-linked 34.8 99.0 
EVA (3.2%) 40.0 98^ 
EVA (5.5%) 50.0 975 
EVA(10J%) 6&.3 97.7 
EVA (33^%) 94.2 96.1 
EVA (413%) 983 95J) 



and IQO wt %, The melting point of the ciystalline domains of 
41 to 42 "C is independent of the octadecyl vinyl ether content, 
which supports the assumption of almost complete phase 
separation. A strain fixity rate of 83% is reached upon 
stretching a polymer sample to £n = 100% at 60 °C and 
subsequent cooUng. A further heating up to 60 °C initiates the 
shape-memory eCfect Hie materials recovery is described as 
being complete. However, the strain recovery rate was not 
quantified more precisely with respect to the composition of 
the materiaLf^*- 



Biodegradable Shape-Memoty Polymer Systems 

A very promising field in which shape-memory polymers 
can be the enabling technology for future applications, is the 
area of biomedicineJ** "^I Synthetic, degradable implant 
materials have led to dramatic progress In a variety of medical 
treatments. The highly innovative potential of degradable 
biomaterials is opposed by the time-consuming and cost- 
intensive procedure for obtaining approval for use in medical 
devices. In the next section, a short overview about well- 
established materials used for implants is followed by the 
introduction of degradable implant materials which exhibit a 
thermally induced shape-memory effect 



2.5.Z Synthesis of Shape-Memory Networks by 
Copolymerlzaiion of Monofunetlonal Monomers with 
LoW'Molecular Weight or OUgomeric Cross-Linicm 

Covalently cross-linked copolymers made from stearyl 
acrylate, methacrylate (37), and ^.AT-methylenebi&acryl- 
amide as a cross-linker exhibit a shape-memory effect lite 
thermal transition triggering the shape-memory effect is the 
melting point of the crystalline domains formed by the stearyl 
side chains. The content of stearyl acrylate varies between 25 
and lUO moI%. The melting/switching temperatures Tt^ia f^r 
the shape-memory effect are found between 35 °C for a stearyl 
acrylate content of 25mol% and SOX for pure stearyl 
acrylate cross-linked by M^-raethylenebisacrylamide. The 
temporary shape is programmed by stretching the sample at 
60 °C and then cooling. The permanent shape will be 
recovered if the polymer sample is heated up above the 
switching temperature.^^^) 

sAo--^4t^o--°Y^ 



37 



Multiphase copolymer networks are obtained by radical 
copolymerization of poly(ocudecyl vinyl ethcr)diacrylate5 
(38) or -dimethacrylates with butyl acrylate. the octadecyl 
side chains can crystallize because of the phase separation. 
The poly(octadecyl vinyl ether)diacrylates used in the syn- 
thesis have number-average molecular weights of arouitd 
5000. The poly(octadecyI vinyl ether) contents are between 20 



2,6, t Degradable Implant Maseriats 

Significant progress was made in suigical procedures at the 
beginning of the 1970s by the inuoduction of resorbable^ 
synthetic implant materials as suture materials^'"*^^**! These 
materials are polyhydroxycarboxylic acids» such as polygiyco- 
lide 39, or the copolyesters of L-lactic acid and glycolic acid. 
These aliphatic polyesters are still being used successfully 
toda)^ and have become a well established standard. Only a 
few other degradable polymers o 
have been commercialized since ^Y^o'^^^^HiJ' " 
that time. This fact is caused by o 
the time-consuming and cost-in- 
tensive approval procedure for medical devices. An example 
of a group of materials which were developed in the l^llOs are 
the poiyanhydrides.1^^^1 Based on a polyanhydride matrix, the 
implantable drug-delivery systems gliadel (treatment of brain 
tiunors glioblastoma multiforme) and septicin (combat of 
chronic bone infections) have been developed. Polyanhy- 
drides show surface erosion, while polyhydroxycarboxyHc 
adds arc degraded in the bulk. 

Ihe number of potential applications for degradable im« 
plant materials is growitig constantly. On the one hand, the 
growing confidence of clinicians in the concept of degradable 
implants on the basis of Che positive experience gained upon 
application of established materials have led to this trend. On 
the other hand, novel therapeutic concepts have been 
developed using the advantages of degradable biomaterials, 
for example, tissue reconstruction based on porous scaffolds, 
which can be cultivated with cells (tissue engineering).'^^*' 

The requirements for an implant material are determined 
by the specific application. The key properties of degradable 
biomaterials are their mechanical properties, their degrada- 
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tion rate, and degradation behavior, as well as biocompati- 
bility and functionality. Each applicatioa requires a specific 
combination of these properties. >yith the growing number of 
potential applications, the number of material needed that 
show di^erent combinations of these properties is also 
increasing. However, the properties of the established bio- 
materials can only be varied in a limited range. Hierefore, a 
new generation of degradable implant materials is needed. 

The shape-memory polymers presented in the following 
section are considered to be promising candidates for the next 
generation of degradable implant materials. This concept is 
especially promising for these materials because it b a 
polymer system, that is, a group of polymers in which different 
macroscopic properties of the polymer can be varied virtually 
independently from each other in a wide ra^ge by only smaU 
changeis in the chemical structure 

Pdfymer System withShiqft-Mtmory Proptffies 

Stimuli-sensitive implant materials have a high potential for 
applications in minimally invasive surgery. Degradable im- 
plants could be inserted into the human body in a compressed 
(temporary) shape through a small incision. When they are 
placed at the correct position, they obtain their application- 
relevant shape after warming up to body temperature. After a 
defined time period, the implant is. degraded and becomes 
resorbed. In this case a follOW'^in surgery tO remove the 
implant h not necessary. 

Metallic shape-memory alloys such as nitinol are already 
used for biomedical applications as cardiovascular stents, 
guide wires^ as well as orthodontic wiresJ^^' However, the 
mechanical properties of these alloys can only be varied in a 
limited range. The deformation between temporary and 
permanent shape is limited to 8% at best. Furthermore, the 
programming of these materials is time-consuming Und 
demands temperatures of several himdred degree GelsiusL^^l 

Designing degradable shape-memory polymers includes 
selecting suitable netpoints, which determine the permanent 
shape, and net chains, which act as switching segments. 
Furthermore, appropriate synthetic strategies have to be 
developed. The risk of possible toxic effects of polymers can 
already be minimized by selecting monomers whose homo- or 
copolymers have been proven to be biocompatible. 

Appropriate switching segments for degradable shape- 
memory polymers can be found by Considering the thermal 
properties of well-established degradable implant materials. 
The respective macrodiols, which can be used for the synthesis 
of shape-memory polymers, can be produced by means of 
ring-opening polymerization of lactones and cyclic diesters. 
such as 40-44, with a low molecular weight dibl (Scheme 2). 
The sequence structure of the copolyesters can be influenced 
by polymerizing with or without catalyst. The molecular 
weight could be adjusted between 500 and 10000 by the 
stochiometric ratio of the starting materiala.^^^' For biomed- 
ical applications, a thermal transitiion of the switchmg seg- 
ments in the temperature range between room and body 
temperature is of special interest. IVo possible candidates 
were identified for use in this temperature range: poly- 
(e-caprblactone)diols, which exhibit a melting temperature T„ 



40 41 42 43 44 

I -I-HO-R-hDH 

H(X-co-oligo(ether)a8ter- R--cDH)«0ii(MhBr)BSlep-OK 
Scheme 2. Syntbests maenxliob from cyclic of dieiten uid lactonea. 

in the range of 46 and 64*^0 (see Thblc3), as well a& 
amorphous copolyesters of diglycolide 40 and dilactide, which 
have a glass transition temperature 7, in the range between 35 
and 50°Cj"°J However, one has to be aware that the decrease 
in glass transition temperature of macrodiols with decreasmg 
chain length is attributed to the amount of freely moving 
chain end& If the end groups of these telechelic9 are bonded 
covalently into a polymer, Uie decrease in the value can no 
longer be observed. 

The netpoints can either be of physical or chemical nature 
(see Section 2.1.2). In the following section one example for 
each case of a thermoplastic elastomer and axx)valently cross- 
linked polymer network are described. 

2.6.2.i. Biodegradable Thermoplastic Elastomers with Shape 
Memory 

A series of biocompatible and simultaneously biodegrad- 
able multiblock copolymers with shape-memory properties 
could be synthesized for the first time based on the macrodiols 
shown in Scheme 2. The thermoplastic elastomers resulting 
from the synthesis are elastic at room temperature and exhibit 
high elongation at break of 650 to 1100% with tensile 
moduli between 34 and 90 MPa.l"*! 

On the one hand, these polymers are linear multiblock 
copolymers that have a ciystallizable hard segment (T^) of 
poly(p-dioxanone) (45) and an amorphous switching segment 
(here, pdIy[(L-lactide)-ai-glycolide] (46) with a glycolide 
content of 15mo]%) that exhibits, a glass transition temper- 
ature r^. On the other hand, multiblock copolymers have 
been synthesized whose switching-segment-determining 
blocks consist of a crystallizable po]y(e<aprplactoiie) seg- 
ment. 

O 0 ' 0 

45 46 

The thermoplastic elastomers are synthesized by a co- 
condensation of two different ma;crodiols hy means of a 
bifunctional coupling agentj for example, diisocyanate, dtacid 
dichloride, or phosgene (Scheme 3). It is necessary to reach 
high molecular weights with values of /if » in the range of 
100000 to obtain the desired mechanical properties. The 
molecular parameters that determine this polymer system are 
tbe molecular weight, the microstructure (sequence), and the 
co-monomer ratio of the macrodiols as w^ as the hard- 
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Scheme 3. SynUieris of multibloick copolymer by the coupling of different 
macrodioles. 



segment content within the multiblock copolymer. The new 
copolyester urethanes are completely hydrolytically degrad- 
able, and the degradation rate can be varied over a wide range 
(Figure 8). In contrast to the de^adation behavior of several 
pdlyhydroxycarboxyltc acids, mass loss can be observed quite 
early in the case of the shape-memory polymers under 
investigation. It is found that they become almost linear with 
degradation time. 
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Figure 8. HydrolyUc dcgradaiioa of dUJercoi copoly«sler urethanes in 
aqueoitt buffer solution (pH-7) at 70 "C System A: Switching segment 
from poly(jL4actide<o-glycolkle) with a content of 15 mo]% glyeoHde with 
30 wt% (n) and 40 wt% hard legment (o); system B: switching segment 
from poly(e-^aprolactooe) with 30wc% hard iegmeat .(^>. 



2.6.2.2. Biodegradable Polymer Networks with Shape 
Memory 

A polymer system with an AB polymer network structure 
has been developed based on oligQ(£-caprolactone)dipl as the 
component that forms a crystaUizable switching segmentl'l 
For that purpose, oligo(e^aprolactone)dio]s have been fuac- 
tionalized v^th methacrylate end groups that can undergo a 
polymerization reaction. The co-monomer of choice was n- 
butyl acrylate because of the low value of pure poly(R-butyI 
aciylate) (-S5^C) which is supposed to determine the soft 
segment of the resulting polymer network. The molecular 
weight of the used oligo(E-capro]actone)dhnethacrylate cross- 
linker and the co-mbnonser content of butyl acrylate repre- 
sent the molecular parameters for controlling crystallinity as 
well as the switching temperature and mechanical properties. 
In contrast to the described process for the cross-linking of 
diacrylates by photopolymerization) in this case the cross- 
linking is performed without the addition of an initiator.'"'! 
The number-average molecular weights of the. oligQ(€-capro- 
iactone)dimethacrylate8 used were 2000 and 10000. Hie 
cross-link density was varied by the addition of U to 
90 wt% butyl acrylate in the case of the low molecular weight 
and by addition of 20 to 71 wt% butyl acrylate for the high 



molecular we^t oligo(c-caprolactone)dimethacrylate. Ibe 
cross-link density increases with decreasing content of butyl 
acrylate. 

The butyl acrylate content influences the thermal proper- 
ties of the AB network formed, especially for the oligo(e- 
caprolactone)dimethacrylate with a molecular weight of 2000. 
Here, a melting point of 7*^ = 25 "C can be observed only in 
the case of a veiy low content of butyl acrylate of 1 1 wt %. The 
corresponding homo^network of oligo(c-caprolactone)dimeth- 
acrylate has a melting point of 32 °C All the other networks of 
this series were found to be completely amorphous. For the 
networks of butyl acrylate and otigo(e-caprplactone)dimetha* 
crylate having a number-average molecular weight of lOOOO, 
the melting point decreases by up to 5 K to 46 with 
increasing butyl acrylate content 

The mechanical properties of both materials containing 
ollgo(£-caprola^one) segments with number-average molec- 
ular weights of 2000 or 10 000 change significantly with 
increasing butyl acrylate content. The values of the elastic 
modulus, the tensile strength a^, and the tensile stress at 
break decrease by approximately an order of magnitude. 
The absolute values are one order of magnitude higher for the 
series with the oUgo(e-caprt)lactQne) segments having num- 
ber-average molecular weights of 10000. Strain fbcity rates 
between 95 and 85% as well as strain recovery mtes from 98 
to 93 % could be obtained in cyclic^ thermomecbanical tensile 
tests of the network containing the higher molecular weight 
oligo(£-caproUctone) segments. All nxaterials reached a 
<;on5tant strain recovery rate of 99% after three thennocycles 
(Figure 9). 
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F^ure 9. Shape recovery rate and shape fixity rate J?f as a functian of 
bntyl aciylate (2) contefll jc (in wt%}. 



3. Snmroaiy and Outlook 

Shape- memory polymers belong to the group of intelligent 
("smart**) polymers. They have the capability to change their 
shape on exposure to an external 8timulu& This article has 
given an overview of the state of the art and the future 
potential of the shap&^emory technology for polymers with 
a thermally induced one-way effect. The polymer switches 
from its actual, temporary shape to its memorized^ permanent 
shape when it exceeds the switching temperattire Tij^, 

This shape-memory technology consists of two compo- 
nents : on the one hand the polymer architecture or morphol- 
ogy has to fulfill certain structural requirements, and on the 
other hand a special processing and programming technology 
is needed. Optimizing these two components includes the 
application of special characterization techniques. In partic- 
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ular cyclic, thennomechanical measurements are peiformed. 
These methods allow not only quantification of the shape- 
memory effect but also optimizatioD of programming param* 
eters (7^,^, T^a^),, heating rates, e„, eta). A detailed knowledge 
of the molecular mechanism of the shape-memory effect and 
of the corresponding structure/property relationships is 
necessary to understand the mutual dependencies of the 
different macroscopic effects. For exaniple, the strain recov- 
ery rate Rj not only depends on the kind of polymer but also 
on the strain that describes the maximum deformation 
during the cyclic thermomcchanica] tensile test. Only a few 
data sets concerning the shape-memory prc^erties of the 
polymers which are comparable to each other and systemati- 
cally determined are described in the scientific literature. A 
complete data set comprises, in particular, a comprehensive 
characterization of the structure and composition of these 
polymersL 

In the broadest sense, shape-memory polymers that show a 
thermally induced shape-memory effect are networks. The 
netpoints, which can either have chemical or physical nature, 
determine the permanent shape. The net chains show a 
thermal transition in the temperature range in which the 
shape-memory effect is supposed to be triggered. The 
temporary shape can be stabilized by the transition 
which is based on the switching segments. If a polymer 
contains several different blocks, mixed phases can be formed, 
to which a single mixed glass transition is attributed. Hie 
mixing behavior of the switching segment with other segments 
has to be considered during the design of the polymer. Hiis is 
of particular importance if the shape-memory, effect 
triggered by a glass transition. If is a melting point the 
ciystallization behavior of the switching segment can be 
influenced by modifying differeiit programming parameters. 
These parameters include the cooling rate from to Ti^^ 
the temperature 7]^^ at which the polymer sample crystallizes, 
and the time period when the sample is held at 7^^. Both the 
deformability from the permanent to the temporary shape 
and the recovery of the permanent shape can be attributed to 
entropy elasticity on the molecular scale (see Section 2.1.3). 

Thermoplastic elastomers and covalent polymer networks 
differ not only in their properties but also in the correspond- 
ing processing and programming procedures. Certain limita- 
tions arise from the molecular structure of both types of 
materials. Block copolymers with shape-memory properties 
require a minimum weight fraction of hard-segmcnt-deter- 
mining blocks to ensure that the respective domains act as 
physical netpoints. Relaxation and reorganization processes, 
such as the sliding of chains in single domains, can complicate 
the programming of these materialsL Covalently cross-linked 
shape-memory polymers can comprise a higher weight 
fraction of switching-segment-determining blocks compared 
to thermoplasts. Exceeding the switching transition may» in 
the case of a very high content of the switching segment, result 
in the occurrence of high stresses, which may, in an extreme 
example, caase daihage to the sample. 

As a result of their different profile qualities, both types of 
material, thermoplastic elastomcn and covalently cross- 
linked polymer networks, are qualified for different applica- 
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tions. Therefore, both will have relevance for industrial 
applications in the fixture. 

The handling of high molecular weight, amorphous poly- 
mers whose permanent shape is exclusively fixed by entan- 
glements of the polymer chains within a certain time interval 
are challeiig^g. For example, high precision for the program- 
ming as well as for the recovery process is necessary to avoid a 
flowing of the material. However, long-term storage of 
samples in their temporary shape is difficult because mod- 
ification of the permanent shape by any type of relaxation 
processes may occur. Therefore, a broad range of applications 
for such materials is unlikely. 

A group of implant materials with shape memory that have 
been developed for biomedical applications was described. 
These implant materials are not a single polymer with a 
specific composition but polymer systems which allow varia- 
tion of different macroscopic properties within a wide range 
through only small chariges in the chemical structure. F6r this 
reason a variety of different applications can be realized with 
tailor-made polymers of the same family. The polymers are 
mainly synthesized from a few monomen that are already 
used in the synthesis of established, degradable biomaterials. 
Both tbennoplastic elastomers as well as covalently cross;* 
linked polymer networks have been prepared and investigat- 
ed. The synthesis of thermoplastic multiblpck copolymers 
could successfully be scaled-up to the production of kilogram 
amounts in batch processes. Comprehensive in vitro inves- 
tigations of their tissue compatibility are currently being 
performed. The first results are promising. In cooperation 
with physicians and biolo^sts^ concrete applications are being 
developed and tested in preclmical studies. 

The thermally induced one-way shape-memory effect is not 
confined to polymers. It has also been described for other 
materials, especially for metallic alloys and gel& However, the 
mechanical properties of shape-memory alloys, such as 
nitinol, can on^ be varied over a limited range. Their 
strongest restriction is the maximum deformation of only 
8% between their permanent and temporary shapes. Shape- 
memory polymers can be deformed to much higher degrees 
and elongation up to 1100% is possible. Their mechanical 
properties can be varied over a wide range, particularly in the 
case, of polymer systems. Polymers are cheaper than metallic 
alloys. Their processing and programming is less complicated. 
The fast programming process of shape-memory polymers 
enables an implant to be individually adapted to the need of a 
patient in the operating theatre. In principle, shape-memory 
polymers differ £rom stimuli-sensitive hydrogels in their 
higher mechanical ability. 

Potential applications for shape-memory polymers exist in 
almost every area of daily life: fi'om self-repairing auto bodies 
to kitchen utensils, from switches to sensors, from intelligent 
packing to tools. Only a few of these applications have been 
implemented to date, since only a few shape-memory 
polymers have so far been investigated and even less are 
available on the market The majority of these polymers have 
not been designed especially as shape-memory materials. 
Here, the material design is at its very begiiming. Extensive 
innovations have to be axiticipated because of the interesting 
economical prospects that have already been realized for the 
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shape-meraoTy technology within a short time period. Besides 
other stimuli, sudi as light or electromagnetic fields, the two- 
way shape-memory effect will play a prpmineat role in future 
developments. 

An example which illustrates the tremendous potential of 
the shape-memoiy technology are polymer systems with 
shape-memory properties which have specifically been devel- 
oped for medical applications by applymg modem methods of 
polymer chemistry and bibmaterial science. These develop- 
ments have resulted in available intelligent polymers with 
tailor-made properties Degradable shape-memory polymers 
provide interesting advantages over metal implants. On the 
one hand a follow-on surgery to remove the implant can be 
avoided, and on the other hand such medical products can be 
introduced into the body by minimally invasive procedures 
through a small incision. In this way, patients benefit from a 
more gentle treatment and costs in health care can be 
reduced. In this sense, shape-memory implant materials have 
the potential to influence decisively the way medicinal 
products are deagned in the future. 

4. Abbreviations 



2,4-TDI toIuene^2,4-diisocyanate 

BEBP bis(2-hydroxyethoxy)biphenyl 

BHBP bis(2-hydroxyhexoxy)biphenyl 

HDI hexamethylene diisocyanate 

HDPE high density polyethylene 

LDPE low density polyethylene 

MDi methylenebis(phenylisocyanate) 

NIPA iV-isopropylacrylamide 

PAAM polyacrylamidc 

PE polyethylene 

PEO polyethylene oxide 

PET polyethylene terephthalate 

PEU polyester urethane 

PolyClHF) poly(tetrahydrofurBtn) 

POSS polyhedral* oiigomeric silsesquioxane 

PS polystyrene 

PVC po]y(vinyl chloride) 

Rt strain fixity rate 

Rf strain recovery rate 

SC switching segment content 

glass transition temperature 

Ta melting temperature 

7*u^ switching temperature 

maximum strain in the cydic theimomechanical 

test 

a ten^e stress 
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SHAPE MEMORY EFFECT OF PU lONOMERS WITH IONIC GROUPS 

ON HARD-SEGMENTS' 

Yong Zhu, Jin-lian Hu*', Kwok-wing Yeung, Hao-jun Fan and Ye-qiu Liu 
Inslitm of Textiles and Clothing, Hong Kong Polytechnic University, Hung Horn, Hong Kong, China 



Abstract SMPU (shape memory polyurethane) non-ionomers and ionomers^ synthesized with poly(£^prolactone) (PCL). 
4, 4'-diphcnylmcthanc diisQpyanatc (MDl), 1 ,4-butanediol (BDO}> dimethylolpropionic acid (DMPA) were measured with 
cyclic tensile test and strain recovery test The relations between the structure and shape memory effect of these two scries 
were studied with respect to the ionic group content and the effect of neutralization. The resulting data indicate that, with the 
introduction of asymmetrical extender, the stress at 100% elongation ib decreased for PU non*iQnomer and ionomer series, 
especially lowered sharply for non-ionomer series; the fixation ratio of ionomer series is not affected obviously by the ionic 
group content; the total recovery ratio of ionomer series is decreased greatly. After sufficient relaxation time for samples 
stretched beforehand, the switching temperature is raised slightly, whereas the recovery ratio measured with strain recovery 
test method is lowered with increased DMPA content. The characterization with FT-IR, DSC, DMA elucidated that, the 
ordered hard domain of the two scries is disrupted with the introduction of DMPA which causes more hard segments to 
dissolve in soft phase; ionic groups on hard segment enhance the cohesion between hard segments especially at high ionic 
group content and significantly facilitate the phase separation compared with the corresponding non-ionomer at moderate 
ionic group content. 

Keywords: Polyurethane; lonomers; Cyclic thermo-mechanical investigations; Shape memory effect; Cyclic tensile test; 
Strain recovery test 



INTRODUCTION 

Segmented polyurethane (PU) has been investigated as sbape memoiy polymer for its two-phase structure^ fixed 
points or frozen phase and reversible phase'^^l Some of diem could well fix the temporary shape with die 
crystallization structure of soft segments after deformation. In such materials, the ciystalline soft domains form 
the reversible phase, with their crystalline melting temperature being the shape recovery temperature (T^), and 
hard domains become the fixed points or fifozen phase. Fixed points remain hard during the second shs^ii^ 
process which normally is done at a temperature higher than the shape recovery ten5>erature. Reversible phase is 
subject to softening and hardening upon heating above T, and cooling below r» respectively. 

Rticently, it was found that PU ionomer species widi phase separation morphology also have shape 
memory effect and especially, in some cases, have some specific tendency in mechanical property and thermal 
property, such as higher recoveiy strain, lower residual strain, higjier hardness, increased modulus and strength 
as compared mih non-ionomers for the Coulombic forces between the ionic centers positicmed within the bard 
dotiiams'^*''^. Kim et alP^ systematically studied the effect of various soft segments content and lengths on the 
shape memory effect with cyclic tensile test. Meanwhile, widi comparison of the dynamic mechanical properties 
and crystallization properties between the PU ionomer and the corresponding non-ionomer, Kim pointed out that 
the effect of the ionomer on micro-phase separation is two-fold But the study about this two-fold effect and this 



* This work was supported by Hong Kong ITF research project (No. ITS 098/02). 
*' Corresponding author: Jin-lian Hu{Si^M), E-mail: tehujl@inet.polyu.edu.hlc 
Received April 7, 20QS; Revised June 3, 2005; Accepted June 6, 2005 



174 



Y.Zhuetal 



effect on shape memory properties has not yet been done. Jeong et alS^ prcliminarily investigated the shape 
mcmbiy properties of shape memory polyurethane ionomer based on poly(£^^rolactonc) (PCL), 4,4'- 
diphenylmethanc diisocyanate (MDl), 1,4-batanediol (BDO), dimeAylolpropionic acid (DMPA), 
bexamethylene diisocyanate (HDI)» hexametfaylene diamine (HAD) widi a nmge or DMPA cotitent from 1.5% 
to 4.5% just throu^ the cyclic tensile test. 

As for the quantitative study of shape memory effect, the cycHc thenno-mechanical investigations, shown 
in Fig. I, is one of the roost effective ways, as reported previously^^l Some of reseaichers prefer to weigh shape 
raemdry properties only with the cyclic tensile test^^"*\ in which the strain recovery ratio R^N), the total strain 
recovery ratio R^^^xy the strain fixity ratio R^N), can be calculated in term of the related Eqs. (IH^)* Others 
tried to study shape memory recovery behavior with the strain recovery test as shown in Fig. i'''*'^*^^, in 
which the heating rate will be fixed and the recovery temperature, recovery rate Rf , which could be calculated 
by the reversible lengdi divided by original length, fa> stretching, will be figured as shown in the graph (b) 
of Fig. 2. 



Fig. 1 Schematic representation of the results of the cyclic thermomechanical investigation for two different tests 

a) diagram: ® Stretching tO at T)^ ; ® Cooling to T\o^ while is kept constant; <D Ckunp distance is driven back to 
original distance; (3) At c = 0% heating up to 7^^^; © Start of the second cycle 

b) e-T-a diagram: <D Stretching to ^ at T^^\ ® Cooling down to TJow with cooling rate = dTJdt while (r„, is kept 
constant; © Clamp distance is reduced until the.stess-free state ff = 0 MPa is reached; ® Heating up to Twgh with a heating rate 
Aheit » dr/dr at 0 = 0 MPa; ® Start of the second cycle 
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Fig. 2 Schematic representation of strain recovery test 

a) Diagram of preparation procedure of specimens for strain recovery 

measurements; b) Recovery curves, c-T 
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RiN)^^^ (3) 

In this study, the cyclic tensile test and strain recovery test were combined to characterize the 
coniprehensive shape memory property. To our best Icnowledge, the systematical study on shape memory 
poiyurethane ionomer with cydic thermo-mechanical investigations, inchiding cyclic tensile test and strain 
recovery test, have not been reported yet. Moreover, Cotilombic force between ionic groups on hard segments 
possibly can offer the cohesion between fixed points in shape memoiy polymer with the two-phase structure, 
which might comprise a part of the physical crosslink of fixed phase. Meanwhile, considering the advantages of 
such series of fimctional shape memory materials such as the low cost, simple processing, flexible transition 
ten^erature range, huge deformation between ten^>orary and permanent shape, comparative low density, 
potential special properties such as antibacterial actiyity^*^^ and ionic conductivity^"', it is necessary to deepen 
the smdy in this area so as to satisfy die requirement for the extensive applicatioii. 

In the synthesis of PU samples, DMPA as a part of chain extender reagent is introduced into the hard 
segment of shape memory poiyurethane. Through dus way, the PU non-ionomer could be synthesized and the 
corresponding PU ionomer could be obtained by neutralizing all carboxyl groups of DMPA with the same 
amount of triethylamine (TEA). The DMPA content was gradually increased from 0 wt% to the maximum 
content, which is related to specific molecular structure, and other parameters about die molecule structure such 
as the soft segment content and soft segment length were fixed so as to investigate the effect of ionic group 
content on the properties of such series of materials. The thermal, crystallization, dynamic mechanical properties 
and shape memory effect were exaimined respectively. 

EXPERIMENTAL 
Material Preparation 

The formula of the preparation of PU samples is shown in Table 1. PCL diols (Daicel Chemical Industries Ltd.) 
with molecular weight (A/o) = 4000 were dried and degassed beforehand at SO^'C under 0.1-0.2 kPa for 12 h for 
PU synthesis. Extra pure grade of MDI (Aldrich) and DMPA (Acros) were used to synthesize PU samples 
without fiirtiier treatment. BOO (Acros) was dried by using molecular sieves in advance for several days. TEA 
(International Lab., USA) was used to neutralize die carboxyl groups of DMPA with Ac same mole. 



Table 1. Formula of the poiyurethane synthesis 


Sample 




DMPA 


Moles of 


Moles of 


Moles of 


Moles of 


Moles 


code 


PCL (wt%) 


(wtyo) 


PCL 


DMPA 


BDO 


MDI 


of TEA 


60^0 


60 


0 




0 


7.1 


8.1 


0 


60-21 


60 


2 




1 


6 


8 


1 


60-5i 


60 


5 




2.5 


4.3 


7.8 


2.5 


§0-81 


60 


8 




4 


2.6 


7.6 


4 


60-101 


60 


10 




5 


1.5 


7S 


5 


60-131 


60 


13 




6.3 


0 


7.3 


6.3 


60-2N 


60 


2 




I 


6 


8 


0 


60.5N 


60 


5 




2,5 


4J 


7,8 


0 


66-8N 


60 


8 




4 


2.6 


7.6 


0 


60-ION 


60 


10 




5 


1.5 


7.5 


0 


60-13N 


60 


13 




6.3 


0 


7.3 


0 



The reaction to prepiare the pre-polymer with PCL and MDI was carried out at SO'^C for 2 h in a 500 mL 
round-bottom, four-necked flask equipped with a mechanical stirrer, nitrogen inlet, thermo meter and condenser, 
followed by the chain extension with BDO and/or DMPA for die same period of tirne. Dimethylfonnamide 
(DMF) was used in PU synthesis as solvent and dehydrated with 4 A molecular sieves for two days in advance. 
Thereafter, the neutralization reaction was followied at 40**C for 1 h by adding stoichiometric amount of TEA 



176 



Y.Zhuetal. 



agent. Before neutralization, socne of PU solution was poured out from the flask for film casting of the 
coiresponding PU non-ionomers. Films were prepared by casting the solution to Teflon pan, placed at 60°C for 
24 h and fimher dried at 7S^C under vacuum of 0.1-0.2 kPa for 24 h. 

In diis study, the soft segment content and soft segment length in PU ionomer and non-ionomer samples 
were controlled approximately to the same values, respectively so as to investigate the effect of ionic group 
content on the shape memory effect of PCL-4000 based SMPU. Two series of PU copolymos (npn-ionomer and 
ionomer) were identified by fte first number denoting the soft segment content, tiie second number representing 
the DMPA weight content and a letter showing the non-ionomers-'*N" and ionomers-'T*, such as 60-51 in which 
"60",. "5" and "I" mean 60 wt% soft segment, 5 wt% DMPA content and ionomer charged with TEA 
respectively. The sample 60-0 contained no DMPA and just composed of MDI, BDO and PCL-4000 as 
comparison with tiie two series above. 

Differential Scanning Calorimetry 

Melting temperature of PU samples was determined by using Perkin-Ehner DS07 with nitrogen as purge gas. 
Indium and zinc standards were used for cahlnation. For the PU specimens firom the same prqsatation process, 
firstly, san^les were heated up to 240°C at a heating rate of 20 K/min and kept at 240^C for 3 min, 
subsequently, cooled to -50^C at a cooling rate of 20 K/min. 

Dynamic Mechanical Analysis (DMA) 

The sample film was prepared for DMA dm)ugh film casting widi a thickness of 0,5 mm, a width of 5 mm, and 
a length of 25 mm. Dynamic mechanical properties of the sample were determined by using a PerkinrEltner 
DMA at 2 Hz, at a heating rate Of 2 K/min from -lOOX to 150*'C. 

Attenuated Total Reflection-FT-IR 

Attenuated Fourier Infi:ared Spectra were determined with 0.5 mm thickness ^Kcimen film by using a Peridn- 
Ehner (2 000 FT-IR) spectrometer in the region of 700-4000 cm"* at room temperature. Each sample was 
scanned 30 times at a resolution of 2 cm*' and the scan signals were averaged. The region of carbonyl stretching 
vibration at 1700-1730 cm~* was used to detect changes of Ifae extent of micro phase separation betweep PU 
non-ionomer and the corresponding PU ionomer studied. All IR spectra have been normalized by using the 
height of the 1412 cm~' peak, assigned to the C—C stretching mode of the aromatic ring'^^l 

Cyclic Tensile Test 

Cyclic tensile test was done by using an Instron 4466 apparatus with a ten^erature-controlled chamber, and a 
personal computer was used to control and record all data. First, the sample film with 5 mm width, 20 mm 
length and 0.5 nun diickness was heated to 7hi^, 60^C within 600 s. Then the sample was stretched to £^1 100% 
elongation at T^^, 6Q°C with 1 0 mm/min stretching rate. After that, cool air will be intrpduced to Ibt chamber for 
cooling san^le fibn with constant strain, e^, 100% elongation, to Tiow, 20°C, within 900 s. Thereafter, the strain 
was released from £i„ to 0 and the recurrent beating for 600 s began. That is one cycle among all cyclic tensile 
test and the cycle for each san^le will be repeated four or five times for assessing the shape memory effeet 

Strain Recovery Test 

A microscopy (Lcitz Wetzlar) with a hot stage (Mettler Toledo FP90 Central Processor & FP82 Hot Stage) and 
a camera (Pixera PVG lOOC) were used to observe and record the strain recovery effect of sample film stretched 
in the cyclic thermal-mechanical investigation after one cycle. The heating rate of the recovery measurement 
was 2 K/min and the temperature range in heating process is from 25°C to 90''C. 

RESULTS AND DISCUSSION 

Effect of Ionic Groups on Crystallizability of SMPU Ionomer 

The thermograms of all the SMPU non-ionomers and the corresponding ionomes studied showed the 
endothermic melting peak of soft segment when heated as shown in Fig. 3. The data about. theraool properties are 
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shown in Table 2. When the DMPA content is low enough such as 60-51, the endothennic melting peak of hard 
segment of PU ionotner at around 162*C could be observed obviously. However, the corresponding PU non- 
ionomer ^5N does not show the distinct melting peak of hard segment. The melting of hard segment crystals 
in all PU non-ionomer and the PU ionomer witii the DMPA content higher than 5% could not be observed in 
DSC investigation. It could be due to die increased DMPA content on hard segment disrupts the ordered 
structure of hard domain, in comparison with the PU sanq)le without DMPA such as 60-0, the melting point and 
entha^y of melting of soft segment of PU non-ionomer and ionomer were increased. Just like the experimental 
result reported by Ahn and Kim et alP, that with the increase of DMPA content, the enthalpy of soft segment of 
the two series generally increased. Especially for PU ionomers, this trend is more significant, and Che increase of 
ibe melting enthalpy is higher than that of the corresponding PU non-ionomers, illustrating, in PU ionomers, 
there is higher crystallinity of soft segment compared with the PU non-ionomers. 



Table 2. Thgrmal properties of PU non-ionomers and ionomers 



Sample 




Heating at 20 Kymin 






Cooling at 20 K/min 




No. 


















60^0 


52 


19.86 


lfl5.67 


14.12 


-5.1 


12.29 


161.9 


8.85 


60.5N 


56.3 


23.4 














60-8N 


56 


27.7 














6a-10N 


54.3 


33.7 














60-1 3N 


56 


31.9 














60-5! 


5S 


26.8S 


162.67 


7.23 










60-8! 


57,3 


35.64 














60-101 


57.7 


37.3 






3.93 


24.77 






60-131 


56 


38.16 






3.93 


32.43 







Ttn: melting temperature of soft-segment; A/Z^: enthalpy of nwlting soft-segment; 
Tn*: melting temperature of hard-segment; A//^: enthalpy of melting hard-segment; 
t;,: temperature of soft-segment crystallization; A//e»- heat of soft-segment crystallization; 
Teh: temperature of hard-segment crystallization: A^ehi heat of hard-segment crysulliz^on 




0 50 100 150 200 250 0 5^ 100 150 200 250 ^ 

Temperature fC) Temperatuie fC) 

Fig. 3 DSC pattern of PU non-ionomers and ionomers scanned ftom 0°C to 240*^ at a heating rate of 20 K/min 

The DSC cooling scans (Pig, 4) show diat ftic crystallization exothermal peaks of soft segment and hard 
segment appear for sample 60-0 without DMPA, suggesting the existence of phase separation structure. 
However^ the introduction of DMPA on hard segment causes the disappearance of crystallization exothermal 
peaks of soft segment and hard segment as shown by results of PU nqn-iondmer series. Instead, for PU ionomer 
series, when the DMPA content is higher than 10 wt% such as samples 60-101 and 60-131, the crystallization 
exothermal peak of soft segment could be observed, suggesting that the ionic groiqis with hijgh concentration on 
hard segment could facilitate the phase 5q>aration which increases, the ciystallibility of the soft phase. 
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Fig. 4 DSC pattern of PU non-iotiomers and ipnomers scanned from O^C to 240^ at a cooling rate of 20 K/min 
Dynamic Mechanical Analysis 

Figuzts 5 and 6 show the tensile storage modulus P from dynamic mechanical analysis of PU non-ionomer and 
ionomer series. It found that there is a large difference in modulus below and above the transition temperature, 
which renders a sharp transition Co the sh^ memory materials. The crystalliiation state of soft domain gives 
file high modulus at temperatures below Tm* whereas the entropy elasticity of molecule chain and physical 
crosslinks among hard segments cause the rubbery state nxxiulus when the temperature increases beyond the 
transition. temperature. In non-ionomer seiieSj with the increase of DMPA content, the storage modulus P at the 
ten^>erature range above 7^ is decreased abruptly which could be attributed to the disruption of ordered 
structure of hard domain \yith the introduction of the asymmetrical extender. Meanwhile, in the ionomer series 
studied, with the increase in DMPA content, the E at the teaq)erature higher than is decreased firstly and 
subsequently increased when the DMPA content is higher than 5 wt%, suggesting that charged ionic group 
could enhance the cohesion among the hard segments in comparison with the corresponding PU non-ionomer 
especially in the PU ionomer san:q>les wiA high ionic group content. The effect of increased cohesion among 
hard segments could be observed clearly from a comparison between PU non-ibnomer and ionomer in Fig. 7. 
Therefore, the two- fold effect of charged ionic groups on the hard domain could be elucidated just like that 
reported by other researchers^'^*'^. On the one hand, ionic groups on hard segment could cause the disnqjtion of 
the ordered structure of hard domain; on the other hand, the cohesion between hard segments could be increased 
for the Coutonibic force between the ionic groups on hard segments. One of the two frictors could be dominant 
under different specific polyurethane molecular system. 
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Fig. S Storage modulus E of PU non-ionomer and the corresponding ionomer 
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Pig. 6 Comparis<»i of at 60^ between PU nqn-ionomer and k«Mnner series 
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Fig. 7 Comparison of storage modulus £* of FU non-ionomer and the corresponding ionomer 
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The glass transition of soft segment could be detemiined from the maxima of die loss modulus £7' as shown 
in Fig. 8 and Table 3. Glass transition tanperatiffe of soft segment (J^ of the two series exhibits the similar 
trend that the increases widi the increase in DMPA content, suggesting the introduction of ionic group> 
whether neutralized or not, could disrupt the ordered hard domain and cause more hard segment to be dissolved 
in the soft segment phase whereas of PU ionomer is lower than the corresponding PU non-ionomer. The 
location of Tg^ is sometimes used as indicators of phase purity in multi-block polyurethanes. If the copolymer is 
assumed to behave like a blend of hombpolymers, die Fg Of the phases in die blend could be conqwred to those 
of die neat components to determine die degree of hard/soft segment mixing^"'^''. therefore, in terms of die 
lower Tg, of PU ionomer compared widi that of corresponding PU non-ionomer, it could be tentatively 
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concluded that there are more hard-segnient mixing in the sof) segment phase in PU iion*ionomer in comparison 
wi& that of the corresponding ionomer, which suggests that charged ionic groups on hard segment could 
inprove the micro phase separation by enhancing the cohesion of hard segment. 
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Fig. 8 Plots of loss modulus E* of PU non-ioiiomer and the correspoTidiiig ionoiiier 

IR Anafysig 

To mvestigate the effect of charged ionic groups on hard segment on die micro phase separation, infrared 
spectra were used to analyze the carbonyl absorption for PU non-ionomer and ionomer. The hydrogen bonding 
is chamcterized by a frequency shift of bonded carbonyl groups to values lower than diose corresponding to the 
free carbonyl groups. Xu et aiP^^ reported the IR spectrum of PU synthesized With PCL, MDI and BDO, in 
which, 1730 cm*^ and 1701 cm~' are assigned as the free and hydrogen bonded carbpnyls of hard segments 
respectively. Meanwhile the corresponding vibration frequencies for carbonyls of soft segment are located 
at 1735 cm"* and 1706 cm"' respectively. Kim^'^\ Ten-Chin Wen^^*' et al have previously reported that the band 
centered at 1665 cm"' is assigned to the stretching vibration of hydrogen-bonded carboxylic carbonyl group in 
PU. which comes from DMPA unit. Therefore, the extent of hydrogen bonding could be studied dirough die 
analysis of stretching vibration band of carbonyl groi^ (1650-1740 cm'*) in IR spectrum. 

From Fig. 9, it could be seen that die carbonyl stretching vibration is shifted to higher frequency with the 
increase of DMPA content whether in die non-ionomer or the ionomer series, indicating tiierc might exist two 
possibilities: (i) niore free carbonyl groups m produced; (ii) die reduction of oidered structure of hard domain. 
From the results of DMA, it was tentatively concluded diat more phase mixing was produced widi adding 
DMPA, which means the fraction of free carbonyl groups in the soft phase is reduced. Therefore, we presume 
that there is a more disordered structure or free carbonyl groiqis produced in the hard phase, which may suipass 
die effect of reduction of the fraction of free carbonyl groups in the soft phase and cause the shift of carbonyl 
stretching vibration to high frequency region. It might demonstrate, widi die introduction of asymmetrical 
extender widi neutralization or not, the effect of die disnq)tion of ordered hard dottiain, caused by DMPA is 
predominant. 




1500 1550 1600 1650 1700. 1750 1800 
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Fig. 9 IR spectra of PU non*ionomer series and ionomer series 
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Through the coiiq>arison between the cai1)oiiyl regioos at IR spectra of PU non-ionomer and the 
comsponding ionomer, the effect of ionic groups on phase separation could be studied. As shown in Fig. 10» 
there is not significant difference between PU non-iononier and the corresponding ionomer when DMPA 
content is. low (2 wt%) or high (12,6 wt%). However, when DMPA content is 5 wt%-10 wt%, the charged ionic 
groups cause an obvious shift of carbonyl group stretching vibration to high frequency. It migjit be concluded 
diat the fraction of free carbonyl groups is increased after neutralization which might be caused by enhanced 
phase separation, which agiees well wiA the resulting data about of soft phase with DMA, in which, the fg, 
of samples with 5 wt% and 10 wt% DMP A content, is decreased significantly after neutralization with TEA. For 
samples, 60-13N and 60-131, it is difficult to give a reasonable explanation about the similar IR spectra of the 
non-ipnomer and ionomer, It mig)it be the result of counteraction of two opposite factors induced by strong 
Coulonnbic force between ionic groups on the hard segment 




I6S0 1700 1750 1620 1680 1740 

Wavenumber (cm"') Wavcmimbcr (cm"' ) 




Wavcnumber (cm"^) 

Fig. 10 Comparison of IR spectra between PU noh-ionomcrs and ionomers 
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Cyclic Thermo-Mechanical Investigation 

Cyclic (ensile (est 

The shape memoiy effect of segmented polyurethane could be studied with cyclic tensile test (Figs. 1 and 12), in 
which the cyclic hardening, caused by the orientations of PU segments during extension, can be observed. This 
cyclic hardening and even the shape of stress-strain curves are mostly confined to (he first several cycles and no 
significant change is observed with further cyclies^^l Figure 11 shows ±t stress at 100% elongation at the 
second tensile cycle of PU non-ionomcrs and ionomcrs. From the analysis in fee study with DMA and FTTR, it 
is found that the introduction of asymmetrical extender causes the disruption of ordered hydrogen bonded hard 
domains which are usually considered as the physical crossinglinking structure in the two phase morphology and 
contributed to Ae thermal stimulated deformation recovery^ '^'^^l Therefore, the sh^ memory effect of the PU 
non*ionomer and the ionomer scries is supposed to be affected by their ionic group content. 

From Figs. 1 1 and 12, it could be observed that the stress at 100% elongation of PU npn-ionomer series at 
high tenqjerature (60°C) is decreased sharply wiA the increase in DMPA content; instead, that value of PU 
ionomer series is relative steady. Hiis result is m agreement with the analysis above: the introduction of DMPA 
could disrupt the ordered hard domain, which offers the physical crosslink in the fixed phase. Meanwhile, 
charged ionic groups could enhance the cohesion between hard segments which has been characterized by 
DMA. With the increase of charged ionic groups in the ionomer series, especially for PU ionomer with DMPA 
content higher than 10 wt%, die total strain recovery ratio (Rx^ad decreases greatly froni 83.41% (sanq)le 60-21: 
2 wt% DMPA content at the first cycle test) to 61.59% (sample 60-131: 13 wt% DMPA content at the first cycle 
test) and the recovery fixity ratio (Rd could be kept in a high level at around 93% that might stem firom the 
strong crystallizability of ionomer series as shown in DSG cooling scan in Fig. 4. For all the specimen studied, 
the strain recovery ratio Rf(N), reflecting the strain recovered in the following shape memory transition, could 
reach hi^ level such as 97% or more after 3 or 4 testing cycle, which will be usefiil for some application aiea. 
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Fig. 12 Cyclic tensile test of PU non-ionomers and ionomers 
a) 60-0; b) dO-5N; c) 60-51; d) 60-lON; e) 60-101 
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Strain recovery test 

Defonnation recovery properties of PU non-ionomer and the ionomer series could be investigated by strain 
reicovcry test as shown in Fig. 2. The specimens for this test were prepared as those used in cychc tensile test 
The fihn is stretched to 100% elongation at 60^C, then cooled to room ten:q)arature (20°C) and kept under strain 
constraint for a fixed length time of (900 s) so as to Gx the defonnation. When the stretched specimen was 
released fifom the strain constrain at room ten^eraturei the relaxation without any constrain at room temperature 
was conducted for different lengths of time in order to investigate the relaxation time dependence of strain 
recovery properties. In this test, only one san^le 60-0 was tested and the resulting data are shown in Fig. 13, It 
elucidates that the deformation could be recovered quickly when the temperature is raised to switching 
temperature and most deformation recovery is finished in a narrow temperature range. Besides, Ae switching 
temperature is shifted to high temperature with the increase in relaxation time and the strain recovery curves are 
almost superposed, when the relaxation time is sufficiently long such as 48 h or more; the recovery ratio of the 
san[q)les with differeint relaxation tiimc is nearly the same. Therefore, it could be concluded that, widi regard to 
the relaxation time, the switchmg temperature is increased to a steady status, and the recovery ratio not 
changed significantly. 
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Fig. 13 Relaxation time dependence of strain recovery praperty of sample 60-0 

Based on the result above, the stretched san^les for this test were all kept for a long time beyond 100 h so 
as to reach the steady status after sufficient relaxation. Such measurement might be close to the application 
situation in some cases. Strain recovery curve is exhibited in Fig. 14 in which it could be found that the 
switching temperature is raised evidently with the increase of DMPA content for PU non-ionomer and the 
ionomer; the recovery ratio is decreased sharply for the non-ionomer but slightly lowered for the ionomer as 
shown in Fig. 15. The increase in switching ten^ierature can be explained by the increase in of the soft 
segment. For saniqsles wift high DMPA content^ the hysteresis effect could be observed. After heating up to 
switching temperature, the samples, especially for 60-101 and 60-131, still could undergo strain recovery to some 
extent until the highest temperature is reached. This hysteresis effect might be related to die dismption of 
ordered hard domains and the enhanced cohesion between hard segments. 
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Fig. 15 Strain recovery ratio of PU non-ionomer^ ionomers 

CONCLUSION 

The PCL based polyurethane non-ionomer and the ionomer series were synthesized successfolly. These two 
series of PU sanq)les all exhibit the increased phase mbdng with the DMPA content, and die charged ioiiic 
groups on hard segments could enhance the cohesion among hard segments and phase separation con^xaied with 
the corresponding non-ionomers. The ionic groiq)s on hard segments play two-fold effect: the disruption of 
ordered structure of hard domains and tiie enhance of cohesion among hard segments. When the ionic group 
content is moderate such as 5 wt%, the former effect is predominant; when the ionic group content is hi^ 
enougji, the cohesion among hard segments will be increased greatly and the latter effect becomes dominant. 
Therefore, die PU non-ionoiner and ibnomer series samples have different shape memory propertieis. With the 
introduction of asynunetrical extender, the stress at 100% elongation of the two series is decreased, eispecially 
lowered sharply for nbn-ionomer series because of &e disruption effect for ordered structure of hard domains, 
which are usually regarded as physical crosslinking points in shape memory segmented PU. The Coulombic 
force in charged samples enhances the cohesion between hard segments, to some extent, supplementing die 
physical crosslinking points; the fixity ratio of ionomcr series is not affected; the total recovery ratio of ionomer 
series is decreased greatly. After enough long relaxation time of stretched samples, the switching tenq)erature is 
raised, whereas the recovery ratio is lowered witii increased DMPA content for the two series PU samples. 
Thereby, in the molecular design of shape memory polyurethane ionomers, the complicated effect of tonic 
groups on shape memory effect and morphology of tins kind of functional materials should be considered 
carefully. 
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